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CHAPTER1 INTRODUCTION
CHAPTER 1 
 General Introduction
Photosynthesis  is  probably  the  most  important  biochemical  process  on  earth.  In  this 
process solar energy is converted into chemical energy, which is used to produce organic 
matter,  the  indispensable  nutritional  resource  for  heterotrophic  organisms.  As  a  by-
product  of  photosynthesis  O2  is  produced,  as  results  of  which  there  is  the  oxygenic 
atmosphere  on earth.  The photosynthetic  machinery  generally  consists  of  functionally 
distinct  pigment-protein  complexes,  the light  harvesting (LH)  and reaction center  (RC) 
complexes. Chlorophyll (Chl) and carotenoid (Car) molecules of the LH systems absorb 
light and transfer electronic excitation energy to special Chl molecules in the RC (primary 
donor).  The role of the primary donor is to initiate the directional  transfer  of electrons 
across  a  biological  membrane.  This  charge  separation,  which  takes  place  in  RC,  is 
ultimately used to generate energy-rich metabolites, such as ATP, used by subsequent 
CO2 fixation reactions.  Both the elementary energy transfer  (ET)  and primary electron 
transfer reactions are ultra fast, occurring between 10-13 and 10-11  seconds, whereas the 
CO2 fixation proceeds at a much slower rate.
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1.1 Photosynthesis in bacteria
Photosynthetic  bacteria  do  not  have  chloroplasts  (or  any  other  organelles);  instead, 
photosynthesis takes place directly within the cytoplasmic membrane. Chloroplasts found 
in  eukaryotes likely  evolved  from  an  endosymbiotic  relation  with  cyanobacteria. 
Cyanobacteria often contain thylakoid membranes to which phycobilisomes are attached. 
The  phycobilisomes  act  as  light  harvesting  complexes  for  the  photosystems,  where 
oxygen is produced in photosystem II. All other photosynthetic bacteria, however, do not 
produce oxygen during photosynthesis. Purple bacteria which belong to the diverse group 
of  proteobacteria,  are  both  capable  of  producing  energy  through  photosynthesis,  or 
heterotrophically  by  oxidation  of  organic  compounds  depending  on  the  environmental 
conditions. In photosynthetic purple sulfur bacteria, the electron donor is either sulfide or 
elemental  sulfur.  The  purple  non-sulfur  bacteria  typically  use  hydrogen  or  organic 
compounds.  The purple  bacterium,  Rhodobacter  (Rb.)  sphaeroides,  which  is  used  as 
model  organism  in  this  work, belongs  to  the  genus  Rhodobacter,  within  the  family 
Rhodobacteraceae.
The photosystems  (PS)  of  purple  non-sulfur  bacteria  are  embedded  in  the  so  called 
intracytoplasmatic  membranes  (ICM),  which  are  invaginations  of  the  cytoplasmatic 
membranes with -depending on the bacterial species- morphologies ranging from sacs to 
tubes, or sheets. By the invaginations the available surface area is increased to house the 
PS complexes. In all purple photosynthetic bacteria, the RC is surrounded by a “core” 
antenna complex  termed  LH1.  In  most  of  them,  an  additional  LH system exists,  the 
peripheral antenna, called LH2, which transfers excitation energy to the RC via the core 
antenna. Some produce an additional peripheral complex, LH3 (McLuskey et al 2001) or 
LH4  (de  Ruijter  et  al  2004)  which  are  present  under  particular  growth  conditions. 
Excitation energy is  transferred,  by mechanisms still  only  partly  understood,  from the 
peripheral via the core antenna to the RC (Robert et al 2003) (figure 1.1). The level of LH2 
complexes relative to the RC is not fixed but adjusted to efficiently absorb light under 
varying light intensities.
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Figure 1.1: Way of the photons in the photosynthesis.
In purple bacteria LH complexes are oligomers formed from elementary subunits, usually 
two  transmembrane  (TM)  polypeptides,  α and β-subunits,  which  bind  the  LH  active 
pigments, BChl and Car. In LH complexes Cars are primarily used for light absorption and 
energy transfer (ET), although they do also function in photoprotection (chapter 5). The 
protein matrix not only binds these pigments but also arranges them to efficiently perform 
their different functions.
Each  pigment  has  characteristic  absorption  spectra:  BChl  a is  a  cyclic  tetrapyrrole 
carrying a characteristic  isocyclic  five-membered ring, which is biosynthetically  derived 
from  C-13  propionic  acid  side-chain  of  the  common  heme  and  Chl  precursor 
protoporphyrin IX (Moss 1988). The absorption spectra of the BChl a show the electronic 
transitions along the x axis of the BChl running through the two nitrogen (N) atoms of rings 
B and D and the y axis along A and C and the two nitrogen (Scheer 2006) (figure 1.2). 
BChl has two pairs of absorption bands in the blue (B or Soret band) and in the red and 
NIR (Q bands) spectral regions. One band of each pair is polarized along the x-axis (Bx, 
Qx), the other along the y-axis (By, Qy). The polarisations of the transitions along the axes 
are called x and y (Scheer 2006). BChl a is not symmetrical along both axes, in solution 
the Qy band is located near 780 nm and the By ~360 nm and the Qx ~580 nm and Bx ~390 
nm (not  shown).  The Cars generally  tetraterpenes that  contain  a chain of  conjugated 
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double bonds, they are found in almost any organisms, also in purple bacteria. In fact, 
purple bacteria are purple due to the absorption of their Cars rather than BChl a.
Figure 1.2: Structure of (B)Chl: The arrows indicate the y and x transition. R1 is either acetyl 
(BChl) or vinyl (Chl). Note, that R3, (ethyl), R5, (carbomethoxy) and R4, (hydrogen) are identical in 
BChl and Chl.
The α and β polypeptides of the LH2 complexes are small (4-7 kDa), consisting of 40 to 
70 amino acid residues and are very hydrophobic. They have been sequenced in a large 
number  of  species  (for  example  Brunisholz  &  Zuber  1992,  Robert  et  al  2003). Both 
polypeptides have a tripartite structure consisting of polar N- and C-terminal domains and 
a central, single TM α-helical domain. The N-terminus is located on the cytoplasmic side 
of  the  membrane  and  the  C-terminus  on  the  periplasmic  side  (Zuber  1986).  Native 
antenna complexes are ring-like oligomers of this minimal subunits composed of the αβ-
polypeptides and non-covalently bound BChl a and Car pigment molecules.
Structural  biology  and,  in  particular,  protein  crystallography  has  been  extremely 
successful in revealing the structures of photosynthetic proteins from purple bacteria. The 
RC from Rhodopseudomonas (Rps.) viridis was the first integral membrane protein to be 
solved to high resolution by X-ray crystallography (Deisenhofer et al. 1984). There are 
also structures of the RC (Allen et al 1987) and LH1-RC "core" (Law et al 1998) complex 
from Rb. sphaeroides and the LH2 from Rhodospirillum, (Rsp.) molischianum  (Koepke et 
al 1996) and from Rps. acidophila (McDermott et al 1995, Cogdell et al 2003, Papiz et al 
2003). Electron microscopy studies have resulted in a low resolution projection of the LH1 
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complex from Rps. rubrum (Karrasch et al 1995), two dimensional crystal structures from 
LH1-RC core complexes from Rb. sphaeroides (Walz et al 1998), and the LH2 complexes 
from  Rhodovulum  (Rv.)  sulfidophilum (Montoya et al  1995) and from  Rb. sphaeroides 
(Walz et al 1998, Scheuring et al 2003). There are also atomic force microscopy studies of 
LH2 crystal from Rb. sphaeroides (Frese et al 2004).
1.2 Peripheral antenna LH2 
The high resolution structure of LH2 from Rps. acidophila (McDermott et al 1995, Cogdell 
et  al  2003,  Papiz  et  al  2003)  shows  that  this  complex  is  a  nonamer  of  elementary 
subunits. The TM helices of 9 αβ-hetero dimers form two concentric rings with radii of 18 
Å and 34 Å, with most of the BChl sandwiched in between (Prince et al 2003) (figure 1.3). 
The helices of the  α-subunits lie perpendicular to the plane of the membrane whereas 
those  of  the  β-apoproteins  are  tilted  by  about  15°  with  respect  to  it.  No  helix-helix 
interactions occur within the TM domains of the complex (Freer et al 1996), but extensive 
pigment-pigment interactions dominate the TM structure (Law et al 2004). The N- and C-
termini  of  both  apoproteins  fold  over  and  interact  with  one  another  to  enclose  the 
cytoplasmic and periplasmic surfaces of the ring. The whole structure is interlocked by 
hydrogen  bonds  formed  between  aromatic  residues  located  at  the  C-termini  of  both 
apoproteins and the BChl a molecules which form an excitonlically coupled ring at the C-
terminal ends of the helices (McDermott et al 1995, Freer et al 1996). It is important to 
emphasize that the ring of LH2 does not form without the cofactors BChl and Car.
Figure 1.3: The structure of the LH2 complex from Rps. acidophila at a resolution of 2.0 Å: 
(Cogdell et al 2003). (A): Viewed parallel to the plane of the membrane with the periplasmic side on 
the top. (B): Looking down from the periplasmic side of the membrane. The α- and β-subunit, are 
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shown in purple, the BChl-B50 (see below) are shown in green, the BChl-B800 (see below) are 
shown in turquoise, and the Car are shown in orange.
1.3  The  light  harvesting  active  cofactors  in  the  LH2 
antenna complex
Each minimal αβ-subunit of the complex binds a total of three BChl a and one Car (Gall et 
al  2006,  Cherezoy et  al  2006) giving a total  of  27 BChl  and  9 Car molecules  in the 
holocomplex.  In each dimer unit, two of the three BChl molecules are arranged near the 
periplasmic surface of the complex as a closely coupled dimer, with the plane of their 
bacteriochlorin rings approximately perpendicular to the plane of the membrane. These 
BChl-dimers form a ring of 18 overlapping pigments that are sandwiched between the α- 
and  β-apoproteins of the fully assembled LH2 complex. These BChls are termed BChl-
B850 having the maximum absorption of the red-most transition at 850 nm. The distance 
between the BChl-B850 molecules within a dimer is ~9.5  Å and between two dimers is 
~8.9 Å.
Each BChl-B850 molecule is coordinated via the central Mg to highly conserved histidine 
residues  located in the hydrophobic stretch of each α- and  β-polypeptide. Histidine are 
most  frequently found to coordinate the central  Mg atom of  BChl or  Chl  molecules in 
nearly all bacterial and plant LH complexes (Brunisholz & Zuber 1992, Jordan et al 2001). 
Next to the Mg coordination, multiple interactions exist between the protein subunits and 
the (B)Chl molecules, in particular, the peripheral substituents. 
The other type of BChl molecules in LH2, BChl-B800 (due to the maximal of absorption at 
800 nm), are monomeric, and are located at the N-terminal side of the LH2 complex. Their 
bacteriochlorin rings lie in a plane parallel to the plane of the membrane. Each BChl-B800 
is separated from the neighbour by a distance of ~21 Å. In Rps. acidophila, the BChl-B800 
molecules are ligated to a carboxylate moiety of the N-terminal α-methionine (Papiz et al 
2003).
There is a single Car molecule per αβ-subunit (Gall et al 2006, Cherezoy et al 2006). This 
Car has a typical all-trans conformation and spans the whole depth of the complex. In the 
LH2  from  Rps  acidophila  the  Car  is  rhodopin  glucoside  and  in  the  LH2  from  Rb. 
sphaeroides it is spheroidene (SE) and spheroidenone (SO) in varying ratios depending 
on the growth conditions (Yelissev et al 1996, Yelissev et al 1997). There are a number of 
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mutant  strains  of  Rb.  sphaeroides which  have  as  major  Car  neurosporene (NE),  the 
biosynthetic precursor of spheroidene (chapter 5, figure 5.3). 
Some of the underlying principles as the binding and spectral  adaptation of (B)Chl by 
polypeptide  have  been  clarified  by  classical  mutagenesis  in  native  complexes.  This 
includes ligation of the BChls’ central Mg ion by nucleophilic amino acid residues and H-
bonding  between  aromatic  residues  and  the  C3-acetyl  group,  but  many  of  the 
determinants responsible for recognition of (B)Chl, stable binding and spatial arrangement 
by the protein scaffold remain unravelled. Even less is known concerning the Car binding 
and recognition by the polypeptides. 
Purple  bacteria,  in  particular,  Rb.  sphaeroides have been extensively  used  as  model 
organism for photosynthesis. The spectroscopic properties of these bacterial systems are 
relatively straightforward as they possess only one major chlorin type pigment and the 
resonant absorption bands arising from this chromophore are generally well resolved. This 
makes this bacterial system ideal as a model for studying photosynthesis in general.
Based on these studies the spectral bands in the LH2 spectrum are clearly assigned to 
specific molecules in the LH2 molecule. An absorption band occurring at 800 nm is due to 
a monomeric BChl a pigment oriented perpendicular to the membrane normal (figure 1.5). 
An absorption band occurring at ~ 850 nm has been assigned to the extensively coupled 
BChl  a pigments with  dipoles  oriented  parallel  to  the  membrane  normal.  It  is  a 
combination  of  excitonic  and  protein-pigment  interactions  that  cause  the  absorption 
maximum of these BChls to red-shift dramatically, from about 770 nm for monomeric BChl 
a in organic solvents to about 850 nm in LH2 (figure 1.5). 
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Figure 1.4: Schematic view of the LH2 elementary subunit from Rps. acidophila (McDermott 
et al 1995) The α and β -subunits (purple), 2 BChl-B850 (green), one BChl-B800 (turquoise), and 
one Car (orange).
1.4 Spectroscopic properties of LH2
The structure of LH2 reveals an organization that is beautifully adapted to optimize the 
orientation of the BChl molecules for a rapid and efficient ET. The ET occurs from Car to 
BChl-B800 and to BChl-B850 (Robert et al 2003). The spectral  properties of individual 
pigments  within  LH2  are  strongly dependent  on  the  interactions  with  their  immediate 
environment. These interactions are responsible both for the transition frequencies of the 
pigments  and  for  the  static  disorder  which  leads  to  a  BChl-B850  with  largely 
homogenously  broadened  absorption  transitions.  The  close  proximity  the  BChl-B850 
molecules provokes that they interact strongly which each other and therefore they act 
almost  like  a  super  molecule,  and  only  so  one  can  understand  the  spectroscopic 
properties.  The BChl-B850 band is  the sum of  the electronic transition of  all  pigment 
(Robert  et  al  2003).  The  CD  signal  also  reflects  this  character.  The  LH2  exhibit  a 
conservative CD signal in the BChl-B850 region (Cogdell & Scheer 1985).
Within the LH2 complex a number of factors are discussed to contribute to the tuning of 
the spectra. Most importantly and apparent from the three-dimensional structure are: (i) 
interactions between neighboring pigments within the cyclic structure and (ii)  hydrogen 
bonding interactions between the BChls’ C3 acetyl groups and aromatic residues of the 
protein.  Coupling  between  pigments  has  long  been  presumed  (van  Grondelle  1985, 
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Cogdell & Scheer 1985, Braun et al 1990, Braun & Scherz 1991, Koolhaas et al 1998) and 
confirmed by observation of van der Waals contacts between the pigment molecules in 
the high resolution structures. This has been shown to be the main factor in determining 
the spectral properties by a number of calculations (for example Scherz et al 1996, Sauer 
et al 1996a). It has been demonstrated that a certain proportion of the red shift observed 
in the BChl a Qy transition is due to hydrogen bonding of the C3 acetyl group to aromatic 
residues (Fowler et al 1994, Sturgis et al 1995a, Sturgis et al 1995b, Sauer et at 1996b, 
Sturgis et al 1997).  
The absorption spectrum of LH2 from Rb. sphaeroides is depicted in figure 1.5. In contrast 
to  the  situation  observed  in  the  NIR region  of  the  spectrum,  the  positions  of  the  Qx 
transition and Soret absorption bands of all three BChl populations are less affected by 
the chemical  environment of  their  binding sites.  They all  have their  Soret  absorbance 
located at  ~380 nm and that of their Qx transition located at  ~590 nm. The absorption 
between 450 nm and 550 nm arises from the Car.
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Figure  1.5:  Typical  absorption  spectrum  of  LH2  complexes  from  Rb.  sphaeroides.  The 
absorption bands of the BChl molecules are: at ~800 and ~850 nm (Qy transition), at ~ 580 nm (Qx) 
and at ~ 380 nm (Soret band). The region of the Car molecules is shown at 450-550 nm. Spectra 
are taken of LH2 complex in detergent OβG (material and methods).
ET  among  the  pigments  of  LH2 has  been  examined,  for  example,  by  fluorescence 
excitation spectroscopy. The excitation spectra of LH2 complexes principally show similar 
features as the absorption spectra when detecting at 850 nm. The broad excitation band 
at 450-550 nm originates from Car and the 800 nm excitation band from BChl-B800. Both, 
the absorption and fluorescence excitation spectra may change in response to alterations 
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in  the  binding  to  the  TM proteins  or  between  the  pigments.  Thus,  these  spectra,  in 
particular of the BChl-B850, may be used as sensitive endogenous probes for the proper 
assembly of the LH2 complex.
In this thesis, it is tried to define which factors hold together and assemble the structure 
LH2 complex, to that end a combination of biochemical, bioinformatics and spectroscopic 
methods are used. More precisely,  it  is aimed at  shedding further  light  on the critical 
interactions  between  the  light  harvesting  cofactors  and  their  binding  proteins  in  the 
complex LH2 of Rb. sphaeroides, which has as ligands the pigments BChl and Car. 
The presented work is divided into two major parts. In the first part, the critical interactions 
at the BChl/protein interface are examined and in the second part, Car/protein binding and 
functional assembly are explored. For the exploration of the critical  in vivo interactions 
between the chromophors and proteins, an experimental model system had first to be 
established, which assembles in the native membrane. This is first greatly simplified in the 
region of the chromophore binding sites, which by insertion of particular residues in turn 
enables the systematic study of the determinative BChl-protein and Car-protein interaction 
motifs in the model sequence context. 
The main goals of  this  work  have been to further  the understanding of  (i)  the role of 
intramembrane H-bonding at the BChl/protein interface, (ii) the role of the diastereotopic 
ligation of  (B)Chl,  and (iii)  the role of  the aromatic  residues in  binding and functional 
modulation of Car in TM proteins by the combination of spectroscopic and biochemical 
analyses.  Complementary to  the  experimental  approach,  the identified Car  and BChl-
binding motifs should be further substantiated by a bioinformatical approach. The results 
are accordingly discussed in three chapters, which each have an individual introduction 
specific for the theme.
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CHAPTER 2 
Materials and methods
2.1 Materials
2.1.1 Chemicals 
All chemicals used in this work had a suitable degree of purity and were provided by 
Merck (Darmstadt, Germany), Pharmacia (Uppsala, Sweden), Roth (Karlsruhe, Germany), 
Serva (Heidelberg, Germany), and Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). 
Other  chemicals,  buffers,  and additional  materials  are  described in  the corresponding 
methods.
2.1.2 Enzymes
Enzymes  were  obtained  from  the  following  companies,  if  not  indicated  otherwise: 
Invitrogen (Karlsruhe, Germany), MBI Fermentas (St. Leon-Rot, Germany), New England 
Biolabs  (Frankfurt/Main,  Germany),  Promega  (Mannheim,  Germany),  Qiagen  (Hilden; 
Germany),  Roche  Diagnostics  (Mannheim,  Germany),  and  Stratagene  (Heidelberg, 
Germany).
T4-DNA Ligase Invitrogen, Germany
DNase I, Rnase-free Roche Diagnostics GmbH, Penzberg, Germany
DNA polymerase TaKaRa Ex TaqTM, Takara Bio INC., Shiga, Japan
RNase Inhibitor  Roche, Mannheim, Germany
Proteinase K Invitrogen, Karlsruhe, Germany
Dpn I Invitrogen, Karlsruhe, Germany
Kpn I Invitrogen, Karlsruhe, Germany
Nde I Invitrogen, Karlsruhe, Germany
Pfu DNA Promega, Mannheim, Germany
Hind III Promega, Mannheim, Germany
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BamH I Promega, Mannheim, Germany
ExoSap -IT PCR USB (Amersham Pharmacia Biotech)
Lysozyme Serva, Heidelberg, Germany
2.1.3 Kits
QIAprep Spin Miniprep Kit Quiagen, Hilden, Germany
Plasmid Midi Kit Quiagen, Hilden, Germany
QIAquick PCR Purification Kit Quiagen, Hilden, Germany
QIAquick Gel Extraction Kit Quiagen, Hilden, Germany
RNeasy MiniElute Cleanup Kit Quiagen, Hilden, Germany
Mini Quick Spin DNA Columns Roche, Mannheim, Germany
QuickChange Stratagene, La Jolla CA,USA
QuickChange XL site-directed mutagenesis Stratagene, La Jolla, CA, USA
2.1.4 DNA length and protein molecular weight standards
GeneRulerTM  1Kb  DNA  ladder  (MBI  Fermentas,  St.  Leon-Rot,  Germany),  yielding 
fragments between 250 to 1000 bp, and λ DNA, restricted with EcoRI and HindIII, yielding 
fragments between 564 to 21226 bp, were used as DNA length standard. GeneRulerTM 
100bp DNA ladder was used for small fragments.
As  a  standard  for  the  determination  of  the  molecular  weight  of  proteins,  SDS-PAGE 
molecular weight standards from Biorad (26625, 16950, 14437, 6512, 3496, 1423 kDa 
and Kaleidoscope standards (38600, 25000, 16300, 7800, 3400 kDa) were used.
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2.1.5 Bacterial strains and plasmids
Strain/Plasmid Relevant characteristics Source/Reference
Strain
E. coli
DH5α supE44,Δ lac U169 (φ 80ZΔ M15) hsd R17, 
rec A1, end A1, gyr A96, thi-1, rel A1
(Sambrook et al 1989) 
S17-1 thi,  pro,  hsdR_,  hsdM,  recA, RP4-2 (Tc::Mu 
Km::Tn7)
Rb. sphaeroides
NCIB 8253 Wild type (Nidermann RA 1974)
DPF2 Genomic  deletion of  puf  BALMX;  insertion 
of KmR gene
DG2 Major Car NE 
DD13 Major  Car  SO,  SE.  Strain  DPF2  with 
genomic deletion of pucBA; insertion of SmR 
gene
Plasmid
pRK415 TcR derivate of RK2; mobilizate
pRKCBC1 TcR;  3.8  kb  BscI fragment  encompassing 
pucBA with  engineered  KpnI  site  and 
unique BamHI site (in pRK415)
2.1.6 Vectors
Name Application Resistance Company
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pGEM-T Easy Vector For  cloning  of  PCR 
products
Ampicillin Promega  (Mannheim, 
Germany)
TA-TOPO For  cloning  of  PCR 
products
Kanamycin
Ampicillin
Invitrogen (Karlsruhe, Germany)
2.1.7 Oligonucleotides
All  oligonucleotides  used  for  PCR  reactions,  cloning  or  sequencing  have  been 
synthesized by Thermo Electron (Ulm, Germany).
Use Primer designation Sequence (5′→3′)
Sequencing 
LH2α-BamHf
LH2α-BamHr
ACCATGACCAACGGCAAAATC
AACCCAAGGATCCCGGCC
Sequencing
LH2-Kpn1-f
LH2-Kpn1-r
GAAACCGACCGTCGGGGTACCGCTGTTCCTCAGCG
CGCTGAGGAACAGCGGTACCCCGACGGTCGGTTTC
Mutagenesis
LH2 αAL16S-4/T-f
LH2 αAL16-4S/T-r
GCTGCCCTGCTCGCCWCTCTCCTGATACACG
CGTGTATCAGGACGCWGGCGAGCAGGGCAGC
Mutagenesis
LH2 αAL16S-4/N-H-f
LH2 αAL16-4S/N-H-r
GCTGCCCTGCTCGCCMCTCTCCTGATACACG
CGTGTATCAGGACGCTGGCGAGCAGGGCAGC
Mutagenesis
LH2 αAL16S-4/Q-K-f
LH2 αAL16-4S/Q-K-r
GCTGCCCTGCTCGCCMCTCTCCTGATACACG
CGTGTATCAGGACGCKGGCGAGCAGGGCAGC
Mutagenesis
LH2 αAL16S-4/E-D-f
LH2 αAL16-4S/E-D-r
GCTGCCCTGCTCGCCSCTCTCCTGATACACG
CGTGTATCAGGACGCSGGCGAGCAGGGCAGC
Mutagenesis
LH2 αAL16S-4/C-F-Y-f
LH2 αAL16-4S/C-F-Y-r
GCTGCCCTGCTCGCCDCTCTCCTGATACACG
CGTGTATCAGGACGCHGGCGAGCAGGGCAGC
Mutagenesis
LH2 αAL16/S-4L-12/S-10-f
LH2 αAL16/S-4/L-12/S-10-f
GGCGATGACGGCAGCGGCGAGCAACAGCGGAACGCCGAC
GTCGGCGTTCCGCTGTTGCTCGCCGCTGCCGTCATCGCC
Mutagenesis
LH2 αAL16/S-4/L-12-f
LH2 αAL16/S-4/L-12-r
GTCGGGGTACCGCTGTTACTGTCCGCTGCCCTGCTCGCCTCTC
GAGAGGCGAGCAGGGCAGCGGACAGTAACAGCGGTACCCCGAC
Mutagenesis
LH2 αAL16/S-4/A-10-f
LH2 αAL16/S-4/A-10-r
GACCGTCGGGGTACCGCTGTTCCTGGCCGCTGCCCTGCTCGCC
GGCGAGCAGGGCAGCGGCCAGGAACAGCGGTACCCCGACGGTC
Mutagenesis
LH2 αWTF-12/L-f
LH2 αWTF-12/L-r
GAAACCGACCGGCGTTCCGCTGTTGCTCAGCGCTGCCGTCATCGC
CTCC
GGAGGCGATGACGGCAGCGCTGAGCAACAGCGGAACGCCGGTCG
GTTTC
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Mutagenesis 
LH2 αWTS-10/A-f
LH2 αWTS-10/A -r
GACCGGCGTTCCGCTGTTCCTCGCCGCTGCCGTCATCGCCTCCGT
C
GACGGAGGCGATGACGGCAGCGGCGAGGAACAGCGGAACGCCG
GTC
Mutagenesis
LH2 βWTA/G-8-f
LH2 βWTA/G-8-r
CATCCTCGGCACCCGCGTCGSCGGTGGCATGGCGCTCATC
GTAGGAGCCGTGGGCGCAGCSGCCACCGTACCGCGAGTCG
Mutagenesis
LH2 αWTA-4-f
LH2 αWTA-4-r
GCTGCCGTCATCGCCGCCGTCGTTATCCACG
CGTGGATAACGACGGCGGCGATGACGGCAGC
Mutagenesis
LH2 αWTL/V-4-f
LH2 αWTL/V-4-r
GCTGCCGTCATCGCCSTGGTCGTTATCCACGCTG
CAGCGTGGATAACGACCASGGCGATGACGGCAGC
Mutagenesis
LH2 αWTH/N-4-f
LH2 αWTH/N-4-r
GCTGCCGTCATCGCCMATGTCGTTATCCACGCTG
CAGCGTGGATAACGACATKGGCGATGACGGCAGC
Mutagenesis
LH2 αWTQ/K-4-f
LH2 αWTQ/K-4-r
GCTGCCGTCATCGCCMAGGTCGTTATCCACGCTG
CAGCGTGGATAACGACCTKGGCGATGACGGCAGC
Mutagenesis
LH2 αWTE/D-4-f
LH2 αWTE/D-4-r
GCTGCCGTCATCGCCGASGTCGTTATCCACGCTG
CAGCGTGGATAACGACSTCGGCGATGACGGCAGC
Mutagenesis
LH2 αWTG-4-f
LH2 αWTG-4-r
GCTGCCGTCATCGCCGGCGTCGTTATCCACGCTG
CAGCGTGGATAACGACGCCGGCGATGACGGCAGC
Mutagenesis
LH2 αWTC/F/Y-4 -f
LH2 αWTC/F/Y-4 -r
GCTGCCGTCATCGCCTDTGTCGTTATCCACGCTG
CAGCGTGGATAACGACAHAGGCGATGACGGCAGC
Mutagenesis
LH2 αWTM/L-4-f
LH2 αWTM/L-4-r
GCTGCCGTCATCGCCATSGTCGTTATCCACGCTG
CAGCGTGGATAACGACSATGGCGATGACGGCAGC
Mutagenesis
LH2 αWTG+4-f
LH2 αWTG+4-r
CGTCGTTATCCACGCTGCTGTGGGGACGACCACCACCTGGCTGCC
C
GGGCAGCCAGGTGGTGGTCGTCCCCACAGCAGCGTGGATAACGA
CG
Mutagenesis
LH2 αWTG+3-f
LH2 αWTG+3 -r
CGTTATCCACGCTGCTGGGCTGACGACCACCACC
GGTGGTGGTCGTCAGCCCAGCAGCGTGGATAACG
Mutagenesis
LH2 αWTG-1-f
LH2 αWTG-1-r
GTCATCGCCTCCGTCGTTGGCCACGCTGCTGTGCTGACG
CGTCAGCACAGCAGCGTGGCCAACGACGGAGGCGATGAC
Mutagenesis
LH2 αWTG-4 f
LH2 αWTG-4 r
GTCTTCGGTGGCATGGGGCTCATCGCGCACTTCC
GGAAGTGCGCGATGAGCCCCATGCCACCGAAGAC
2.1.8 Antibiotic stock solutions
Ampicillin 10 mg/ml dissolved in water
Kanamycin 10 mg/ml dissolved in water
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Streptomycin 20 mg/ml dissolved in water
Neomycin  10-20 mg/ml dissolved in water
2.1.9 Computational work 
Origin 7.0 Northampton, USA
Spectacle 1.8 (Lab Control) Moenchengladbach, Germany
Microsoft Word 2003 Germany
Microsoft Excel 2003 Germany
Adobe Photoshop Schaumburg, USA
Accelrys Gene 2.0 Cambridge, UK
WebLab Viewer Pro 3.7 Geneva, Swiss
Deep View /PDB View (version v 3.7) Geneva, Switzerland
Swiss- Pdb Viewer 3.7 Geneva, Switzerland
WHAT IF 6.0 Heidelberg, Germany
Nijmegen, Netherlands
2.2 Methods
2.2.1 Molecular biology and protein biochemical work
2.2.1.1 Growth conditions of E. coli DH5α cells for plasmid growth
LB-medium: 10 g/l bacterial peptone, 5 g/l yeast extract, 10 g/l NaCl, pH 7.2 
LB-agar: 15 g/l agar for solid medium
Ampicillin 10 mg/ml dissolved in water
In a falcon tube, 10 ml of LB medium with ampicilin, are inoculated with a single colony of 
E. coli DH5α harbouring the plasmid of interest. The culture was incubated overnight on a 
platform shaker at  37°C and 210 rpm. From this culture,  the cells were  harvested by 
centrifugation (18000 x g, 5 min) and the plasmid DNA was purified as described below. 
That was made for all the plasmids except for pRKCBC (see section 2.2.1.3).
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2.2.1.2 Small-scale plasmid isolation from E. coli (miniprep)
Plasmids (in Topo), were isolated from the correspondent bacterial cells using QIAprep 
Spin Miniprep Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. 
DNA was eluted from the columns by addition of 50 μl elution buffer, with subsequent 
centrifugation (14000 x g, 2 min, RT).
2.2.1.3  Large-scale  plasmid  isolation  from  E.coli by  CsCl  density 
centrifugation
LB-medium: 10 g/l bacterial peptone, 5 g/l yeast extract, 10 g/l NaCl, pH 7.2 
LB-agar: 15 g/l agar for solid medium
Tetracycline 10 mg/ml dissolved in water or ethanol
TE buffer: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA
Solution I: 10 g/l glucose, 3 g/l TRIS, 4 g/l EDTA
Solution II: 0.2 M NaOH, 1% SDS
Solution III: 0.4 M NaOH2% SDS
The plasmid pRKCBC was prepared from 400 ml cultures of transformed E.coli DH5α in 
LB medium essentially as described by (Sambrook et al 1989) and was separated from 
RNA and genomic DNA by centrifugation through a CsCl gradient in a Beckman 70.1 Ti 
rotor at 360000 x g for 24 h at 18°C. Intact plasmid DNA was removed from the centrifuge 
tubes  using  wide  gauge  needles  and  the  ethidium  bromide  extracted  with  caesium 
chloride-saturated isopropanol. Each sample was then dialysed against TE buffer for 24 h 
with a minimum of four changes of buffer to remove the CsCl. One colony was inoculated 
into 10 ml LB, tetracycline incubated at 37°C with shaking 180 rpm for 8 h.
The 400 ml LB was pre-warmed in a 2 l flask at 37°C for ~30 min, the tetracycline is 
added and the medium was inoculated with the 10 ml starting culture. The cultures were 
incubated overnight at 37° with continuing shaking (180 rpm).
The cells were centrifuged at 4500 x g for 10 min at 4°C in a Beckman JA10/JLA 10.500 
or equivalent. The pellet was suspended in 10 ml of Solution I and chilled on ice for 5 min. 
Solution  II  was  added and  mixed by gentle  swirling  for  1-2  min.  Then,  15 ml  of  the 
Solution III was added and mixed by gentle swirling and incubation on ice for 15 min. The 
samples were centrifuged at 7200 x g for 35 min at 4°C in a Beckman JA14.
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The  supernatant  was  transferred  to  a  fresh  JA14  bottle,  and  the  6-fold  volume  of 
isopropanol was added. The mixture was stored at RT for 15 min and centrifuged for 45 
min at 7200 x g at 18°C with slow deceleration. The supernatant was decanted carefully 
and the pellet was washed with ~ 50 ml of 70% ethanol. Subsequently, the ethanol was 
removed and the pellet was dried by vacuum.
The pellet  was  resuspended  in  8  ml  of  TE  buffer  and  8  g  CsCl.  When it  had  fully 
dissolved, 400 ml of 10 mg/ml ethidium bromide solution were added, and the mixture was 
loaded  in  Beckman  QuickSeal  tubes  for  the  TY  65/Ti  70.1.  The  tubes  were  filled 
completely with 1 g/ml CsCl in TE solution, balanced, and sealed. Afterwards, the tubes 
were centrifuged at 200000 x g for ~ 16 h at 18°C; the lower band was collected with a 
syringe. The DNA was washed and dialysed for 24-48 h.
2.2.1.4 Restriction analysis of plasmid DNA
Plasmid DNA was digested with restriction endonuclease(s) by mixing 1-10 ng template 
preparation, 10 units of each restriction endonuclease in a total volume of 10 μl of 10x 
ideal buffer. After incubation at 37°C for 2 h the DNA has been analyzed on agarose gel 
as described below. If the conditions for two enzymes are incompatible with each other, 
the DNA was digested successively with the respective enzymes.
2.2.1.5 Preparation and analysis of DNA by agarose gel electrophoresis
TAE Buffer: 4.84 g/l Tris base, 1.142 ml/l Glacial acetic acid, 2 ml/l 0.5 M EDTA.
Agarose gel electrophoresis of DNA was performed in submarine gel tanks of appropriate 
size. All  agarose gels used throughout this work were run in 1x TAE buffer and were 
prepared by dissolving from 1 to 2 % agarose and ethidium bromide in a concentration of 
0.5 μg/1ml in 1x TAE buffer. Samples containing an appropriate amount of DNA were 
mixed with 10x loading buffer prior to sample application. The gels were run at 60-70 V 
until optimal separation is achieved. The DNA was visualized via fluorescence excitation 
by illumination with UV light (302 nm). The marker GeneRulerTM 100 bp DNA ladder was 
used in 2% agarose and DNA/EcoRI+HindIII marker was used in 1% agarose.
2.2.1.6 Isolation of DNA fragments from agarose gels
After separation by agarose gel electrophoresis, DNA fragments used for cloning were cut 
from  the  gel  and  extracted  by  using  the  QIAquick®  Gel  Extraction  Kit™  (Qiagen, 
Germany) according to the supplier’s protocol.
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2.2.1.7 Preparation of vector DNA for ligation
After the restriction described in section 2.1.4, the 5´-phosphate group was removed from 
the linearized DNA molecule by alkaline phosphatase treatment as follows: 5 units shrimp 
alkaline phosphatase were added for each µg of vector DNA solution. Incubation was for 
30 min at 37°C followed by purification of the vector DNA from the reaction mixture as 
described (2.2.1.6) and stored at -20°C until further use.
2.2.1.8 Ligation of DNA fragments
The ratio between linearised vector and insert DNA in a reaction was ideally 3:1, roughly 
estimated by agarose gel electrophoresis. For standard, 50 ng of the vector DNA and 
20ng of the insert DNA and were incubated with 1 μl of T4 DNA ligase and of 5x ligation 
buffer and the reaction mix was brought to a final volume of 20 μl and incubated 2 to 4 h 
in  a  water  bath  at  16°C  or  overnight  at  4°C.  The  assay  was  used  directly  for 
transformation of E. coli cells without any further purification.
2.2.1.9 Polymerase chain reaction for cloning
Amplification of DNA fragments was performed in a 25 μl reaction mixture with thin walled 
PCR tubes by ready-to-go PCR Beads from Amersham Pharmacia Biotech. The PCR 
Bead contains the dNTP mixture,  PCR puffer  and the  Taq  polymerase.  The following 
reaction mixture is used:
template: 2-10 ng
primer 1 (15 pM): 1.5 µl (final concentration 0.2 – 1 pM)
primer 2 (15 pM): 1.5 µl (final concentration 0.2 – 1 pM)
H2O add to 25 μl.
The PCR was performed with the following steps, if not otherwise stated:
1) initial denaturation at 94°C for 3 min,
2) denaturing at 94°C for 30 sec,
3) annealing usually at 50-65°C for 30 sec,
4) elongation at 72°C for approx. 1 min/1kb DNA,
5) termination at 72°C for 10 min,
6) cooling to 4°C.
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The amplification procedure (steps 2-4) was repeated 30 times. The melting temperature 
of the primers depends on their GC content and was calculated by the following formula.
Tm = 81.5 + 0.41(% GC) – 675/N (N=number of bp)
2.2.1.10 Site directed mutagenesis
Mutagenesis of DNA was performed in a 50 μl reaction mixture with  thin walled PCR 
tubes containing dNTP mixture,  PCR buffer,  and the  Pfu  turbo DNA polymerase from 
QuickChange  XL  site-directed  mutagenesis  kit  (Stratagene,  La  Jolla,  CA,  USA).  The 
following mixture was used:
template: 2 - 10 ng
5µl Promega buffer
primer 1 (1.5 pM): 1.25 µl (final concentration 0.02–0.1 pM)
primer 2 (1.5 pM): 1.25 µl (final concentration 0.02–0.1 pM)
1µl dNTP mix
3 µl Quicksolution
H2O add to 50 μl, then
1µl Pfu turbo polymerase was added.
The PCR was performed as follows, if not otherwise stated:
1) initial denaturation at 95 °C for 1 min,
2) denaturing at 95 °C for 50 sec,
3) annealing usually at 60 °C for 50 sec,
4) elongation at 68 °C for approx 1-2 min/1kb DNA,
5) termination at 68 °C for 7 min,
6) cooling to 4°C.
The  amplification  procedure  (steps  2  to  4)  was  repeated  17  times.  The  melting 
temperature  of  the  primers  depends on  their  GC content  and  was  calculated by  the 
following formula. 
Tm = 81.5 + 0.41(% GC) – 675/N – % mitmatch.
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2.2.1.11 Treatments of PCR-derived DNA
o DNA fragments for ligation
DNA  amplified  by  PCR  (see  section  2.2.1.9)  was  purified  with  the  QIAquick PCR 
purification Kit (Qiagen, Hilden).
o DNA fragments for sequencing
The DNA after  PCR is treated with  ExoSap at  37°C for  15 min and 80°C for  15 min 
according to the provided protocol.
2.2.1.12 Determination of content of DNA
DNA concentrations were determined spectroscopically using an Amersham-Pharmacia 
(Ultraspec 3000) spectrometer.  The absolute volume necessary for  measurement was 
100 μl. Concentrations were determined by measuring the absorbance at 260 and 280 
nm.  For  pure  double  stranded  DNA  the  absorption  ratio  A260/A280  is  approx.  2. 
Concentrations were calculated as follows.
Double stranded DNA [μg ml-1] = 50 x A260 x dilution factor 
2.2.1.13 Transformation of E. coli
LB-medium: 10 g/l bacterial peptone, 5 g/l yeast extract, 10 g/l NaCl, pH 7.2 
LB-agar: 15 g/l agar for solid medium
SOC medium: 20 g/l Trypton, 5 g/l Yeast, 2 ml/l 5M NaCl
Tetracycline 10 mg/ml dissolved in water or ethanol
To 100 μl of competent  E. coli  DH5α cells,  2-3 μl of ligation mixture were added and 
incubated for 30 min on ice. After a heat shock (45 s, 42°C) and successive incubation on 
ice (3 min), 900 μl SOC-medium were added and the bacteria incubated at 37°C for 1 h 
on a rotary shaker. The cells were then centrifuged (10000 x g, 1 min, and 4 °C) and the 
supernatant removed. Cells were resuspended in 200 μl of LB medium and plated onto LB 
plates containing the appropriate antibiotics. Plates are incubated overnight at 37°C.
Transformation  of  DH5α chemically  competent  E.  coli  was  done  according  to  the 
manufacturer’s protocol (Invitrogen).
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2.2.1.14 Plasmid transfer by conjugation of Rb. sphaeroides
M22 Medium 2.6 g/l   KH2PO4, 2.3 g/l K2HPO4.3H2O, 2.5 g/l Sodium Lactate, 0.5 g/l (NH2) 
SO4, 20 ml Solution C, 4.343 g/l Na Succinate, 0.27 g/l Na Glutamate, 0.04 
g/l Aspartic Acid, pH adjusted to 7.6
Solution C (trace element): 10 g/l  Nitrilooacetic acid, 24 g/l  MgCl2,  3.35 g/l  CaCl2, 125 
mg/l  EDTA,  250  mg/l  ZnCl2,  250  mg/l  FeCl2, 90  mg/l  MnCl2,  9.25  mg/l 
(NH4)6MoO7O24.4H2O, 7.75 mg/l CuCl2,12.5 mg/l Co(NO3)2, 5.75 mg/l Boric 
Acid
Vitamins 1 mg/l Nicotin acid, 0.5 mg/l Thiamine, 1 mg/l  para-pAminobenzoic acid, 
0.01 mg/ Biotin.
Neomycin 10-20 µg/ml dissolved in water
Tetracycline 10 µg/ml dissolved in water
The strains DD13 or DG2 were grown overnight, with 180 rpm shaking and at 34°C in 10 
ml M22 medium in 100 ml flask with trace element, 0.1% casamino acid, 10 µl/ml vitamin 
neomycin.
The mutant-plasmid was transformed in S17 E. coli on tetracycline agar plate overnight at 
37°C.
The 10 ml starter cultures DD13 or DG2 were inoculated in 100 ml M22 medium in a 500 
ml flask and were grown for 1 or 2 days. A single colony from S17 E. coli was transferred 
to a new plate.
The strains DD13 or DG2 culture was centrifuged at 6000 x  g at  4°C for 5 min. The 
supernatant  was  discarded  carefully.  The  pellet  was  resuspended  in  10  ml  of  M22 
medium. The E.coli from the agar plates were resuspended in 100 µl of LB medium. The 
two cultures were mixed at ratio of 1:10 S17:DD13, plated on LB plates and kept in the 
dark at 34°C overnight.
Screening for expression of  the mutant genes was conducted directly on the colonies 
using a Guided Wave reflexion probe, model SD2000 spectrophotometer equipped with a 
reflexion probe (Avantes, Ostfildern, Germany).
2.2.1.15 Cultivation of Rb. sphaeroides
LB Medium: 10 g/l bacterial peptone,5 g/l yeast extract,10 g/l NaCl, pH 7.2
M22 Medium see app 1.2.1.15
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Vitamins 1 mg/l Nicotin acid, 0.5 mg/l Thiamine, 1 mg/l para-pAminobenzol acid, 0.01 
mg/ Biotin
Neomycin 10-20 µg/ml dissolved in water
Streptomicyn 5 µg/ml dissolved in water
Tetracycline 10 µg/ml dissolved in water
TE buffer 10 mM Tris-HCl, pH 8.0, 1 mM EDTA.
E. coli strains were grown in LB with tetracycline used at a concentration of 10 µg/ml.
A colony (figure 2.1A) was grown up in 10 ml of M22 medium containing 0.1% casamino 
acid, 10µl/ml vitamins, tetracycline, neomycin, and streptomycin at 28 to 34°C in the dark 
at 180 rpm in a shaker incubator. Cultives were grown in successively larger volumes, first 
80 ml and then 1.5 l maintaining the growth conditions already outlined (figure 2.1B).
Figure 2.1: Growth of Rb. spheroides DD13. (A): on growth plates and (B) in liquid cultures.
The 1.5 l culture was harvested by centrifugation (20 min at 4500 x g in a Beckman JA-10 
rotor at 4°C), and the cell pellet was resuspended in 20 ml of TE buffer. The concentrated 
cell suspension was frozen at -80°C.
2.2.1.16 Preparation of intracytoplasmatic membranes
o Membranes  of  LH2  from  Rb.  sphaeroides  strain 
DD13 or DG2
TE buffer 10 mM Tris-HCl, pH 8.0, 1 mM EDTA.
Membranes were prepared from cells grown semi aerobically in the dark and these cell 
were broken by French press at 15000 psi for 3x. Previously, the cells were preparated 
with 1ml of lysozyme (10 mg/ml) and incubated in the dark for 30 min on ices. The cells 
were broken with a homogeniser after  the addition of DNase I.  The membranes were 
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purified by applying the solution on a sucrose step gradient (15%/40%, w/w) (figure 2.2) 
and centrifuged for 16 h at 175000 x g.
Figure 2.2: Purification of Rb. spheroides membranes by sucrose gradient centrifugation
The membranes were harvested from the interface and centrifuged (3 h at 280000 x g) to 
obtain a pellet. This pellet was solubilized with TE buffer.
o Membranes of LH2 from Rb. sphaeroides R26.1
Tris buffer: 20 mM Tris-HCl, pH 8.0.
The harvested cells of R26.1 were washed several times with 100 mM Tris-HCl (pH 8.0) 
and stored in a deep freezer as pellet. The chromatophores were obtained using a French 
Press at 15000 psi of the cells which were suspended in the above Tris buffer to which 
DNase had been added. The suspension was centrifuged twice at 25000 x g to remove 
debris.  Then,  the supernatant  was centrifuged at  225000 x  g  for  90 min to pellet  the 
chromatophores. They were washed several times and resuspended in Tris buffer, and 
stored at 4 °C.
2.2.1.17 Isolation of the LH2 complex
o Complex of LH2 from  Rb. sphaeroides strain DD13 
or DG2
Buffer I 10mM Hepes, 50mM NaCl, 1.5% Octyl β-D-glucopyranoside (OβG)
Buffer II 10mM Hepes, 50mM NaCl, 0.65% OβG
Buffer III 10 mM Hepes, 300 mM NaCl, 0.65% OβG
Buffer IV 10mM Hepes, 0.65% OβG
pH 7.5.
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The LH2 complex was isolated from the membranes. To that end the purified membranes 
were incubated at an OD850 ~20 in buffer I with 1.5% OβG in the dark on ice for 20 min 
and subsequently centrifuged for 25 min at 2500000 x g. The supernatant was loaded on 
a  DEAE-Sepharose  ion  exchange  column  which  was  activated  with  Buffer  III  and 
equilibrated with Buffer IV.
Column eluates  were  analysed  for  LH2  spectrospically,  pooled,  and  loaded  on a  gel 
flitration column, Superdex 200, equilibrated and eluted with Buffer IV.
o Complex of LH2 from Rb. sphaeroides R26.1
The preparation  of  LH1  and  LH2  complexes  was  based  on  a  two-step  solubilisation 
procedure using (1)  lithium dodecyl sulfate (LDS) and (2) OβG; each solubilisation was 
followed by fractionation by stepwise sucrose gradient centrifugation.
(i)The R26.1 chromatophores (OD860 ~ 25) were solubilised with 1% LDS at RT for 1 min. 
(ii) The suspension was immediately diluted with 1 volumes of Tris buffer, and centrifuged 
at  45000 x  g  for  10  min.  (iii)  The supernatant  was  applied  onto  a  stepwise  sucrose 
gradient (0.75,  1.0,  1.5,  and 2.0 M sucrose in Tris buffer  containing 0.8% OβG);  and 
centrifuged at 225000 x g for 14 h. (iv) The LH2 was collected, dialyzed against Tris buffer 
with 0.8% OβG.
2.2.1.18 Protein analysis by gel electrophoresis
Stacking gel: 5% acrylamide Solution, 1,5 M Tris-HCl, pH 6.8,10% SDS (Sodium 
Dodecyl Sulfate) solution, 10% APS, TEMED, Deionized Water.
Separating gel 19% acrylamide Solution, 1 M Tris-HCl, pH 6.8, 10% SDS solution, 
0.1% APS, TEMED, Deionized Water.
Tris/Tricine/SDS: 1.210 g/l Tris Base, 17.90 g/l Tricine, 10 ml/l 10% SDS solution
Tris/Glycine/SDS: 3.0 g/l Tris Base, 14.4 g/l Tricine, 10 ml/l10% SDS solution
SDS gel-loading: 50 mM Tris-HCl (pH 6.8), 2% SDS, 0.1% Bromophenol blue, 10% 
glycerol, 100 mM dithiothreitol.
Complex  protein  mixtures  or  protein  preparations  were  separated  and  analyzed  by 
standard SDS-PAGE (Laemmli  1970).  All  minigels (Biorad) contained 19% acrylamide 
solution (ProSieve-50 Solution) in the separating gel and 5% in the stacking gel. Protein 
samples to be analyzed were denatured by adding 2x SDS sample buffer and incubated 
at 80°C for 5 min.
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The gels were run by minigel electrophoresis (Biorad) at 130 to 180 V until the tracking 
dye  reached  the  bottom  of  the  gel.  The  molecular  weight  markers  used  was  a 
Kaleidoscope Prestained Standards, low (4, 8.3, 16.5, 28.1, 36.7 kDa Biorad). Proteins 
were visualized by staining with Coomassie brilliant blue solution (0.025% Brilliant Blue 
R250 (Sigma), 25% ethanol, 8% acetic acid) and subsequent destaining (30% methanol, 
10% acetic acid).
2.2.1.19 Pigment quantification by HPLC
The pigments of LH2, Car and BChl were extracted with a mixture of acetone/methanol 
7:2  (v/v)  and  the  extracts  were  evaporated  to  dryness  under  argon  in  the  dark.  For 
analyses, dried extract were resuspended in 20 µl acetone and were applied to a 600E 
multisolvent/delivery system from Waters (Milford, USA) in a colum Grom-Sil 120 ODS 
5ST 5 mm, length 250 mm and ID 4 mm, Grom, Rottenburg-Hailfinger (Germany). The 
pigments were eluted with an acetone/water (95:5) solution at a flow rate of 1 ml/min.The 
spectra  were  analysed  with  spectacle  program  (Version  1.55)  from  LabControl.  To 
maintain O2 free conditions, the solvents were washed with helium during HPLC runs. The 
measurements were made at room temperature.
The extinction coefficients at 456 nm were taken to be E1cm1%= 2,700 for SE and E1cm1%= 
2,120 for SO (Shneour 1962), both in acetone-methanol, 7:2 and for NE E1cm1%= 2,918 in 
hexane (416, 440, 470 nm) (Britton &Young 1993).
2.2.1.20 Protein determination
Total protein content  in membranes was determined by using the BCATm kit  (Pierce, 
Rockford,  USA).  Sample  concentration  ranges,  used  for  protein  determination  were 
choosen such that  the contribution at  562 was negligible  (sample  absorption OD562 < 
0.01).
For the estimation of LH2 protein content,  the extinction coefficient of B850 BChl was 
taken as 120 [mM -1cm-1] (Clayton & Clayton 1981b).
2.2.2 Statistical analyses in PS I and PS II
Car-peptide or BChl-peptide contacts at a radius ≤ 5 Å in PS I and PS II were determined 
by use of the program WebLab viewer 3.7. For each Car atom, the number of contacts to 
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polypeptide has been determinate at radius ≤ 5 Å in the structure of PS I  and PS II  both 
from Synechococcus elongatus and Thermosynechococcus elongatus respective.
In addition, the determination of Car-protein or BChl-protein contacts was performed by a 
home-made  Visual  Basic® extension  program  for  Microsoft®-Office  Excel  2003, 
(Alexander Pazur), consisting of several functional modules. The PDB formatted files of 
PS I and PS II high resolution structures were used as sources for molecular data on 
atomic level, which were copied into an internal, multi-dimensional numerical array. This 
allowed  a  fast,  random access  to  any  atomic  position  without  the  slower  process  of 
addressing single cells on the spreadsheet. A user interface generated on an excel sheet 
enabled among others to enter the name of the residue, the acronyms of the first and last 
element  of  the  searched  molecule  section,  as  well  the  interesting  range  of  contact 
distances, here adjusted to d(min, max) = 0.5-4 nm. The calculation was performed by three 
obligate steps: The PDB data file was opened, analysed for compatibility and written into 
the  array.  Then  distance  r  (n,m) from  atom  m of  the  search  frame  with  the  spatial 
coordinate pxyz(m) to atom n of the array with the coordinate pxyz(n) was calculated by
222 ))()(())()(())()((),( mpnpmpnpmpnpmnr zzyyxx −+−+−= (1)
And subsequently the contact criterion tested by
1),(),( maxmin ⊕≤≤ amcdmnrd  (With a ∈ A). (2)
For a true condition the counter  c(m, a) for the consecutively numbered functional atom 
specification a out the atom set A was incremented by one. 
2.2.3 Biophysical analyses 
2.2.3.1 “In situ” absorbance spectroscopy
The investigation of whole cells in bacterial  colonies (figure 2.1A) and polyacrylamide-
embedded  LH2  samples  was  performed  on  with  Dual  Fibre  model  SD2000 
spectrophotometer equipped with a reflexion probe (Avantes, Ostfildern, Germany).
2.2.3.2 Absorbance spectroscopy
Absorption spectra  are recorded on a Lamda 25 spectrophotometer  (PerkinElmer Life 
Sciences) or Shimadzu UV-2401PC, in 1cm or 1mm quartz cuvettes. The spectra were 
taken in a range of 300-900 nm.
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2.2.3.3 Fluorescence spectroscopy
Fluorescence  is  measured  by  FluoroMax  spectrofluorometer  (SPEX,  NJ,  USA).  The 
excitation spectra were recorded in a range of 350-810 nm. For fluorescence excitation 
spectra, two filters, 370 and 420 nm, are used. The fluorescence emission is detected at 
850 nm.
2.2.3.4 Circular dichroism spectroscopy
Circular  dichroism  spectra  are  recorded  by  a  Dichrograph  CD6  (Jobin  Yvon,  Paris, 
France) in a 1 cm cylindrical  cuvette  or  by a Jasco J-810 spectripolarimeter.  Purified 
membranes were adjusted to an A850  = 3 cm-1 in TE buffer and the isolated complex were 
adjusted to an  A850 = 1-3 cm-1  in Hepes buffer with OβG. In order to not denature the 
sample during the measurement the scans were obtained at 4°C and three of them were 
averaged.
Thermal denaturation of purified membranes and isolated complex were carried out in a 1 
mm cylindrical  quartz cuvette.  The samples were heated from 4 or 15 to  95 °C at  a 
constant rate of 1 °C min-1, and the CD signal at 845 nm was recorded every 0.05 °C 
(integration time,  0.2 s).  Variations in sample turbidity were corrected by used of milk 
solution as standard but did not significantly affect the NIR-CD spectrum.
2.2.3.5 Resonance Raman (RR) spectroscopy
The Raman spectra  were  recorded  in  the  laboratory  of  Bruno  Robert,  Gif-sur-Yvette, 
France.
FT  resonance  Raman  spectra  were  recorded  using  a  Bruker  IFS  66  interferometer 
coupled to a Bruker FRA 106 Raman module equipped with a continuous coherent Argon 
laser (Innova 100). Excitation at 1064 nm was provided by a continuous Nd: Yag laser. 
The set-up,  laser  powers  and  sample  behaviour  are  extensively  described  previously 
(Mattioli et al 1993).
The typical  resolution  of  FT  resonance Raman spectra  was  4  cm-1.  All  spectra  were 
recorded  at  room  temperature  with  180°  backscattering  geometry  from  pellets  or 
concentrated  solutions  held  in  standard  aluminium  cups.  Depending  on  the  sample, 
spectra are the result of 5000-20000 co-added interferograms.
To calculate the ratio of BChl to Car is used FT Raman spectroscopy is used employing 
the 1064 nm fundamental from a Nd-YAG laser and the scattered light, is analysed using 
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an interferometer which, in part, compensates for the low Raman scattering efficiency at 
wavelengths in the NIR. By exciting at 1064 nm, in many cases one may circumvent the 
problem of spurious fluorescence because this excitation is usually at energies lower than 
the radiactive states of most molecules (Mattioli et al. 1993).
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 CHAPTER 3 
Identification of critical assembly factors at the 
Bacteriochlorophyll-protein interface in LH2
3.1 Introduction
The folding of helical TM proteins has been proposed to occur in two energetically distinct 
stages. In first stage the helices are formed and inserted into the membrane and, in the 
second stage, these preformed helices interact which each other and assemble to the 
final 3D structure .
TM helices are generally characterised by long stretches of hydrophobic residues flanked 
in many cases by aromatic and proline residues (von Heijne 1994). The driving force for 
membrane insertion derives primarily from the transfer of hydrophobic side chains from 
water  to the apolar region of  the lipid bilayer.  Few polar  residues and rarely  charged 
residues are present in the TM helices (Landolt-Marticorena et  al.  1993, Sipos & von 
Heijne 1993, von Heijne 1994). As a result of the tendency for the buried residues to be 
more polar than the lipid-exposed ones, many TM helices are slightly amphiphilic.
The packing of the helices with each other are often the basis for the stable assembly of 
membrane proteins (von Heijne 1994, Popot & Engelman 2000, Engelman et al. 2003). 
The α-helix associations within the membrane are generally governed by electrostatic and 
van der Waals interactions. The packing of the helices in the membrane is apparently 
tigher than in soluble proteins . A critical factor for the packing of the helices is the packing 
value  of  individual  amino  acids  residues.  Serine  and  threonine,  for  example,  have 
generally high packing values (it should be kept in mind that the packing values are not 
calculated separately for interfacial and noninterfacial residues and may differ significantly 
from  case  to  case)  supporting  their  close  association  with  surrounding  polypeptide 
residues. These residues have also another important role in the helix association. Small 
residues, in particular,  the polar serine and threonine, stabilize the formation of helical 
oligomers by  H-bonding  interactions .  Therefore  serine  and  threonine  are  the  most 
frequently occurring polar residues in the TM helices (Senes et al. 2000, Adamian & Liang 
2002, Dawson et al. 2002). The highest packing values have the small residues (glycine 
and  alanine),  which  also  have  an  important  role  in  helix-helix  association  (Russ  & 
29
CHAPTER 3 INTERACTIONS PROTEIN-BCHL
Engelman 2000, Kleiger et al. 2002, Shlyk-Kerner et al. 2006),. The large and positively 
charged residues, lysine and arginine, however, have the lowest packing values, whereas 
the  negatively  charged  residues,  aspartate  and  glutamate,  and  the  polar  residues, 
asparagine and glutamine, have relatively high packing values . The aromatic amino acids 
have generally low packing values, while, histidine residues, have a high level of packing 
in comparison to other charged residues which is readily explained by their frequent role 
in cofactor ligation (normally, the amino acids which are ligated with a cofactor have a 
high level of packing, but that is not a general rule) . Other factors, such as ligand binding 
and folding of extramembranous loops , also contribute to the packing of TM helices .
In the case of the LH proteins, the interaction between the helices is of minor importance 
for their assembly. The TM helices make only limited contact which each other due to the 
abundance of the low-molecular weight cofactors, BChl and Car; which are attached non-
covalently  to  the helices .  In  such cases interaction  among the TM helices  is  largely 
replaced by pigment-protein and pigment-pigment interactions and the pigment is often 
the critical factor for the proper folding and assembly .
Multiple types of interactions exist between the (B)Chl and the surrounding polypeptide(s). 
The best understood interaction between the polypeptides and (B)Chl is the ligation of the 
central  magnesium ion by a suitable  amino acid  residue,  frequently  a  histidine  . The 
multiple  possibilities  for  these  interactions  between  the  (B)Chl  and  the  surrounding 
polypeptide(s)  are  obvious  from the  complex  structures  of  the  (B)Chl  with  up  to  four 
peripheral  carbonyl  groups,  several  asymmetric  centers,  and  long  chain  esterifying 
alcohol. The involvement of the carbonyl groups in intermolecular hydrogen bonds has 
been explored in detail for the acetyl and keto groups of BChl in photosynthetic complexes 
from purple photosynthetic bacteria. In the case of the C3 acetyl group, hydrogen bonding 
to neighbouring residues modulates the functional properties, specifically the excitation 
energies of the BChl a in LH complexes .
Hydrogen bonding to the C131 keto carbonyl, at the isocyclic ring which is common to all 
chlorophylls,  seems to  be widespread ,  but  appears to  have less or  no effect  on the 
electronic properties of (B)Chl . It has also been suggested that hydrogen bonding to the 
C13 keto group contributes to the tuning of the redox energies of P870 in bacterial RCs .
In the crystal structure of PS I , which comprises more than 10 TM helices and contains 
nearly 100 Chl-binding pockets, the majority of the polar groups of Chls, in particular the 
C131 keto group, are likely to be H-bonded by the polypeptide residues in close vicinity . It 
is not exactly understood, however, whether these H-bonds essentially contribute to the 
structural stability of the membrane-embedded (B)Chl proteins.
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Four  principal  experimental  approaches  have  hitherto  been  used  to  investigate  the 
interplay between the proteins and the pigments in Chl and BChl–proteins. These are: 
firstly,  exchange of  the pigment  with  chemically  modified  pigment  in  natural  pigment-
protein  complexes  in  vitro (Scheer  & Hartwich  1995,  Lapouge et  al.  2000);  secondly, 
chemical  synthesis  of  the  novo proteins  or  of  truncated  versions  of  natural  proteins 
followed  by  reconstitution  of  the  complex  in  vitro ;  thirdly,  mutagenesis  and 
overexpression  of  the  gene,  followed  by  reconstitution  of  the  pigments  in  vitro ;  and 
fourthly,  site  directed  or  combinatorial  mutagenesis  combined  with  assembly  of  the 
complex in vivo .
Here,  artificial,  model  TMHs  are  used  to  explore  BChl-binding  and  assembly  of  LH 
systems  in  their  native  membrane  environment  . The  model  TMHs  that  consist  of 
alternating alanine-leucine sequences and comprise the chromophore-binding site in the 
TM region have been fused at their N and C-terminal ends with native extrinsic sequences 
of the α-subunit of LH2.
The focus of this work has been to identify and investigate the interactions at the pigment-
protein interface which are essential for the functional and structural assembly of (B)Chl-
protein complexes. To that end:
• a  model  LH  protein  is  used  in  which  the  native  contacts  at  the  BChl-protein 
interface have been reduced and largely eliminated. In the model BChl-binding site 
the contribution of  distinct  amino acids to the functional assembly of  the BChl-
proteins can be readily assessed;
• the  thus  identified  critical  interactions  are  further  examined  by  site-directed 
mutagenesis in WT sequence context;
• the experimentally identified interactions are modelled in model structures based 
on the existing high resolution structure of LH2 from Rps. acidophila.
3.2 Results and discussions
3.2.1 Model high resolution structure of Rb. sphaeroides
Hitherto, there are two structures of LH2, one from Rps. acidophila  and one from Rps. 
molischianum  , which have been solved at high resolution. Amino acids sequence identity 
between the LH subunits of Rb. sphaeroides and Rps. acidophila is 45,3% and between 
Rb. sphaeroides and Rps. molischianum is 37,7%. Therefore Rps. acidophilla was chosen 
for the modelling of the LH2 α-subunit from Rb. sphaeroides. In addition, recent studies in 
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which  the  projection  map  has  been  obtained  of  the  tubular  LH2  crystal  from  Rb. 
sphaeroides clearly show the nonameric organization of the ring  as has been suggested 
by atomic force microscopy at 10 Å resolution . The LH2 in  Rps. acidophila  is also a 
nonamer  and different from the octameric ring formed by LH2 from Rps. molischianum .
Figure 3.1: Modelled LH2 protein structure. Amino acid sequences of Rps. acidophila (grey) and 
Rb. sphaeroides (black) (A) and comparison of the  αβ subunit structure  of  Rps. acidophila  (light 
grey) and modelled structure of Rb. sphaeroides (black) (B).
In the model structure, every residue in the subunits of Rps acidophila has been replaced 
by the residues of the subunits of Rb. sphaeroides. The backbone of the resulting model 
structure did not alter as compared to Rps. acidophila, while the side chain conformations 
obviously were modified in place where “mutations” took place (figure 3.1). Due to the lack 
sufficiently developed force field calculations for the (B)Chl (Linnanto et al. 2004, Palencar 
2005),  modelling  of  BChl  is  not  easily  available  and  the  conformation  and  relative 
locations of the pigments are not changed during modelling. In the model structure the 
position of the mutant residues can be calculated and their contacts can be assessed. In 
general, the amino acids which are situated close to the pigments are not dramatically 
changed.
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3.2.2 Model LH2 protein 
To investigate BChl/protein interaction motifs a model BChl-protein has been designed 
which has a BChl binding site with an artificial “model” sequence. In this model protein, 
LH2 αAL16, a contiguous stretch of 14 residues from valine in position -7 to threonine in 
position +6 of the α-subunit of LH2 have been replaced with a simplified alanine-leucine 
repeat sequence (figure 3.2). These residues include all the residues which interact with 
the BChl-B850 at a distance of ≤ 3.5 Å in the TM region. Neither the histidine in position 0 
(the numbering specifies the amino acid position relative to the histidine, designated His 0, 
which binds the central magnesium of BChl-B850) nor the adjacent isoleucine in position 
-1 were replaced. The residues at positions -5, +1 and +2 happened to be alanine already, 
and the residue at  position +4 is  a leucine (figure 3.2)  resulting in  a total  of  8  ‘new’ 
residues  in  LH2  αAL16.  This  mosaic  α-subunit  was  expressed  together  with  the 
complement LH2 WT β-subunit in Rb. sphaeroides deletion strain DD13, which is devoid 
of endogenous BChl binding proteins (LH1-, LH2-, and RC-) but capable of BChl synthesis 
(figure 3.2). It should be noted here that a second set of LH2 genes have been recently 
identified in the genome of Rb. sphaeroides (Zeng et al 2003). Although these genes are 
expressed, these α- and β-subunits cannot assemble into LH2 complex in the absence of 
the other set of LH2 subunits. It is clear that the  α-subunit of these second  puc genes 
does not assemble with the puc BA to LH2. It is not known yet whether the β-subunits of 
the second gene participate in LH2 formation. In this chapter of my thesis, the β-subunits 
have not been altered (figure 3.2).
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Figure 3.2: Model LH protein: AA sequences of the LH2  α-TM helix from Rb. sphaeroides 
(grey) and model  α-TM helix LH2  αAL16 (A). The amino acid stretches, which are replaced by 
alanine-leucine are shown in bold and underlined. The His which ligates the central Mg is shown 
enlarged and defines the position 0. (B) Comparison of the modelled structures of Rb. sphaeroides 
LH2 αWT -subunit (black) (figure 3.1) and model subunit LH2 αAL16 (red).
LH2 complexes have “typical” spectral properties due to the specific interactions of the 
BChl in this complex. Thus BChl can be used as endogenous probe for the folding and 
proper assembly of  LH2 (see introduction).  In figure 3.3A inset,  the  in  situ absorption 
spectrum of LH2 αAL16 is shown. The NIR absorption bands of BChl-B850 and BChl-B800 
are closely similar to the bands of LH2 WT. The absorption band of BChl-B850 is slightly 
red shifted from ~ 848 nm in LH2 WT to ~ 851 nm in LH2  αAL16,  which may point to 
certain, minor alterations in the BChl-B850 geometry. In addition, there is a shoulder at ~ 
760 nm in LH2 αAL16 indicating elevated levels of free BChl (i.e BChl that is not (tighly) 
bound  polypeptides  and  not  assembled  into  pigment-protein  complexes)  mixed  with 
metabolic  precursors  and/or  degradation  products  of  BChl.  There  are,  however,  no 
significant changes in the absorption spectrum of LH2 αAL16 in comparison to LH2 WT. It 
should be emphasized that the absorption spectra maybe altered by mutation in the BChl-
B850 binding sites .
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Figure 3.3: Absorption (A), CD (B) and fluorescence (C) spectra of the model protein LH2 α
AL16. Shown are the spectra of LH2 WT (black) and LH2 αAL16 (red). The in situ optical spectra 
(inset) are taken of Rb sphaeroides DD13 colonies. The absorption and CD spectra are normalised 
at  the  Qy BChl-B850  absorption  maximum  and  CD  extremum.  The  fluorescence  spectra  are 
normalised at the Qx band at ~ 590 nm. Spectra are taken from purified membranes. The arrows 
indicate spectral derivations from LH2 WT in LH2 αAL16 
The  structural  stablility  and  assembly  of  LH2  αAL16,  however,  is  clearly  affected. 
Significantly less complex is stably assembled in the membrane in comparison to LH2 WT 
as obvious from the high level of scattering in the Soret region of the spectrum. That is 
also demonstrated by the quantification of total protein content  versus LH2 content (as 
judged by the BChl-B850 absorption)  in the membrane.  The ratio  of  total  protein/LH2 
protein is estimated to be around 10:1 (w:w) for LH2 WT and 10:02 for LH2 αAL16, thus 
assembled LH2  αAL16 is approximately five times less abundant in the membrane than 
LH2 WT.
In order to further examine the structural organisation of the pigments in the model LH2 α
AL16 in  comparison  to  LH2  WT,  the  CD  spectra  are  taken.  As  BChl-BChl  couplings 
contribute mainly to the typical CD signal (Cogdell & Scheer 1985, van Grondelle 1985, 
Braun et al. 1990, Braun & Scherz 1991, Koolhaas et al. 1998) it is agreed that its exact 
shape serves  as  fingerprint  for  the  BChl  arrangement  in  the  complex.  No significant 
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alterations are observed in the CD spectrum of LH2 αAL16 (figure 3.3B). The CD spectrum 
of LH2 αAL16 shows a conservative, S-shaped CD signal in the NIR with peaks at 848 nm 
(+) and 872 nm (-), similar to LH2 WT . Moreover, in LH2 αAL16 the optical activity of the 
BChl-B800 shows a negative trough near 800 nm .  Apparently,  the model  LH2  αAL16 
support not only binding of BChl but also association into structures with a geometry like 
that of the BChl-B850 and BChl-B800 in LH2 WT.
The functional fitness of LH2 αAL16 is examined by fluorescence excitation spectroscopy 
(figure 3.3C). As evident from the excitation bands, ET occurs from the Cars to BChl-B850 
and from the BChl-B800 to BChl-850. There are some minor changes in the excitation 
spectra;  the  ET  from  the  BChl-B800  to  BChl-B500  is  slightly  reduced  (by  ~8  %)  in 
comparison to LH2 WT. ET from Car to BChl has only been observed in pigment-protein 
complexes and never in BChl-Car mixtures.
It  is  remarkable  that  the  major  simplification of  the  BChl-B850 site  has not  produced 
significantly altered spectral properties (figure 3.3). This may indicate that residues in the 
immediate  vicinity  of  BChl-B850  particularly  in  the  TM  binding  site  do  not  critically 
contribute to their geometrical arrangement and spectroscopic properties. It appears that 
few residues, in particular,  the histidine which ligates the central  Mg and the aromatic 
residues outside of the TM regions which contribute to H-bonding to the C3 acetyl group 
are sufficient to allow for the assembly of the complex. As reported by the group around 
Niederman, the combinatorial mutation of 3, 4, 5 and 6 residues in the β-subunit, however, 
caused spectral  shifts of  the BChl-B850 absorption . In the light of these findings it is 
remarkable that the simplified alanine-leucine sequence in the vicinity of BChl-B850 did 
not produce significantly altered spectral properties (figure 3.3).
In summary, the model BChl-B850 site apparently supports the assembly of the functional 
LH unit. Nevertheless, the distinct reduction in expression level and thermal stability (see 
below)  suggest that interactions at  the BChl-protein interface which are critical  for  the 
structural stability and thus stable assembly are absent. In the following, the model protein 
is  used  to  identify  such  interactions  and  determine  their  contribution  to  the  structural 
stability of this complex.
Sequence alignment studies of the TM region of the LH2 subunits show that there are 
only few amino acids that are highly conserved among different purple bacteria species. In 
figure  3.4  the  individual  alignment  positions  are  coloured  to  reflect  the  evolutionary 
conservation of the residues at this position in  α−subunit. The residue positions with a 
high  level  of  conservation  are  coloured  blue  and  residue position  with  a  low level  of 
conservation are coloured red, increasing from yellow via green to blue. The red coloured 
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residues  are  considered  to  have  undergone  a  high  level  of  mutation.  Such  residue 
positions in the polypeptides are termed mutation hot spots. The multiple alignment of the 
LH2 α-subunit from ten different families of proteobacteria shows that the overall level of 
conservation of residues in the TM of  α-subunit is low. Only H(0) and P(-14) are very 
highly conserved and I(-1) and A(-4) are highly conserved (figure 3.4) . At position -4, 
there  seems  to  be  only  alanine  and  serine  residues  (in  Rb.  sphaeroides and  Rb. 
sulphilusus) in the α-subunit and exclusively alanine in the β-subunit of natural LH2 and 
mutant  proteins .  In addition, statistical  analysis  of the (B)Chl-binding pockets in plant 
photosystem have shown that the residues at positions -4, -1 and +4 have the highest 
contact  frequencies  with  Chl  molecules  .  Taken  together,  these  observations  point 
towards an important role of these residues in binding and assembly of (B)Chl-binding 
pockets. In my thesis, the impact of the residue at position -4 on the assembly of LH2 has 
been explored by permutating this residue in both LH2 WT and LH2 αAL16.
Figure  3.4:  Novel  helix–BChl-B850  interface  in  the  model TM  helix. Individual  alignment 
positions are coloured to reflect the evolutionary conservation of residues at this position. Note, that 
only S(-4) from the highly conserved residues has been mutated.
3.2.3  Permutation  of  the  LH2-α residue  at  position  -4  at  the 
BChl/protein interface in model LH2 complex
The LH2 αAL16/X-4, in which X is an amino acid, are identical to LH2 αAL16, except for the 
residue at position -4, which is alanine in LH2 αAL16. The in situ absorption spectra of LH2 
αAL16 and LH2 αAL16 with 12 different amino acids at position -4 are shown in figure 3.5. 
Assembly of the model LH2 αAL16 (as assessed by the “typical” absorption bands B800 
37
CHAPTER 3 INTERACTIONS PROTEIN-BCHL
and B850) is observed in detectable amounts only with serine, alanine, and threonine at 
position -4, whereas the others residues (cysteine, aspartate, glutamate, phenylalanine, 
glycine, histidine, lysine, asparigine, glutamine, and tyrosine) result in the loss of model 
LH2 αAL16 complex (figure 3.5). The assembly of the model LH2 is thus highly susceptible 
to the nature of the side chain at position -4, indicating that the residues at this position 
play a major structural role for the assembly of LH2. In turn, this demonstrates that critical 
interactions  are  readily  identified  in  the  model  sequences  due  to  the  amplification  of 
effects in the model sequence context and inherently instable system.
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Figure 3.5: In situ absorption spectra of model LH2 αAL16/X-4. “In situ” spectra are taken of Rb. 
sphaeroides colonies expressing LH2  αAL16/X-4:  LH2 WT (black),  LH2  αAL16 (red), LH2  αAL16/S-4 
(dark cyan), LH2 αAL16/T-4 (violet), LH2 αAL16/C-4, LH2 αAL16/D-4, LH2 αAL16/E-4, LH2 αAL16/F-4, LH2 α
AL16/G-4, LH2 αAL16/H-4, LH2 αAL16/N-4, LH2 αAL16/Q-4, and LH2 αAL16/Y-4 (orange).
As obvious from figure 3.5 only three residues, alanine, threonine and serine, support the 
assembly of antenna complex, they are discussed in detail below.
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Figure 3.6: Model LH2 αAL16/S-4 and LH2 αAL16/T-4. (A) AA sequence of model LH2 αAL16/S-4 and 
LH2 αAL16/T-4. The residues which are replaced in the TM are underlined. The threonine and serine 
at position -4 are shown in red and underlined, and histidine (0) is shown in grey. (B)Schematic 
view  of  the  model  LH2  αAL16 binding  site,  BChl-B850  (green),  BChl-B800  (cyan)  and  Car 
(orange).The αβ-subunits are purple, the region of α-TM protein, which is replaced by the alanine-
leucine sequence is light purple and the position -4 is red.
Figure 3.7A exhibits the absorption spectra of LH2 αAL16/T-4 and LH2 WT. The spectra are 
largely similar. There is a minor change in the red most absorption band which is shifted 
by ~1 nm (from 848 nm to 849 nm). Moreover, the absorption ratio B800/B850 is reduced 
either indicative of a partial loss of BChl-B800 and/or structural reorganization of this site . 
The BChl-B800 absorption band is broadened to the blue side, and there is a shoulder at 
~760 nm indicative that there is “free” BChl due to either defects in the assembly and/or 
stability of LH2 αAL16/T-4 as observed for LH2 αAL16 .
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Figure 3.7: Absorption spectra (A) and fluorescence excitation spectra (B) of LH2 WT (black) 
and LH2 αAL16/T-4 (violet). The absorption spectra are normalised to the BChl-B850 peak at ~850 
nm. The excitation spectra are normalised to the BChl Qx transition at 598 nm. The fluorescence 
emission is detected at 850 nm. The arrows indicate the changes in LH2  αAL16/T-4. Spectra are 
taken from purified membranes.
The fluorescence excitation spectrum of the mutant LH2 αAL16/T-4 is largely similar to the 
spectrum of LH2 WT, which indicates that ET from Car to BChl-B800 and BChl-B850 and 
from BChl-B800 to BChl-B850 takes place. Some minor changes are noticeable in LH2 α
AL16/T-4: (i) the ET of LH2 αAL16/T-4 in the Car region is slightly reduced (by 7%) and slightly 
blue-shifted (from ~517 nm in LH2 WT to ~514 nm in LH2 αAL16/T-4) and (ii) ET from BChl-
B800 to BChl-B850 is reduced by ~ 12% (figure 1.7B).
The absorption spectrum of LH2  αAL16/S-4 is also similar to the one of LH2 WT (figure 
3.8A), only a number of minor changes are observed: the red-most absorption band is 
slightly red-shifted from ~ 849 to ~ 853 nm in comparison to LH2 WT, indicative of minor 
structural rearrangements of the BChl-B850 dimer and the absorption ratio B800/B850 is 
reduced (figure 3.8A) either indicative of a partial loss of BChl-B800 and/or of structural 
reorganisation of this site .
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Figure 3.8: Absorption (A), CD (B) and fluorescence (C) spectra of the model protein LH2 α
AL16/S-4:  Spectra are taken from purified membranes of LH2 WT (black) and LH2  αAL16/S-4 (dark 
cyan). The absorption spectra are normalised at the Qy BChl-B850. The fluorescence spectra are 
normalised at the Qx band at ~ 590 nm.
The conservative, S-shaped CD signal in the near infrared with extrema at ~ 848 nm (+) 
and ~ 870 nm (_) and zero crossing at ~ 857 nm, is similar for LH2 WT (~ 850 nm (+), ~ 
867 nm (-) and zero crossing ~ 857 nm). Additionally, the optical activity of BChl-B800, 
seen as a negative through near 800 nm  is somewhat reduced in comparison to LH2 WT. 
The signal of the Car (450-550 nm) is slightly blue-shifted, indicating a change in the Car 
binding site (see also chapter 5).
The ET from the Cars to BChl-B850 in LH2  αAL16/S-4 is somewhat altered as compared 
with  LH2 WT. The fluorescence excitation bands  of  Car  are  slightly  blue  shifted  and 
decreased (approximately 10%) relative to the Qx transition of the BChl molecules at ~ 
600 nm. Moreover, the 800 nm excitation band is reduced in LH2 αAL16/S-4 in comparison 
to LH2 WT (reduced in ~ 50%).
The absorption spectrum from purified membranes of LH2  αAL16/S-4 in  Rb. sphaeroides 
DG2, in which, the major Car is NE  (see materials and methods) is shown in figure 3.9A. 
This Car has well resolved vibrational absorption bands in the visible range, contrary to 
SO. Thus alterations in the Car region are better to note in the presence of NE due to the 
three characteristic absorption peaks. However, owing to the scattering effects in the blue 
range of the spectrum of LH2 αAL16/S-4, the changes in the Car region are not that clearly 
discernable.  There  is,  however,  a  noticeable  blue  shift  of  two  peaks  of  the  NE  in 
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comparison to LH2 WT, from ~ 491 and ~ 457 nm to ~ 481 and ~ 450 nm respectively 
(figure 3.9A).
Figure 3.9: Absorption (A), CD (B) and fluorescence excitation (C) spectra of LH2 WT (black) 
and LH2 αAL16/S-4 (orange) expressed in DG2. Spectra are taken of purified membranes from Rb. 
sphaeroides DG2. The spectra are normalised to the absorption and CD signal  of  BChl-B850. 
Fluorescence  excitation  spectrum,  emission  is  detected  at  850  nm.  The  arrows  indicate  the 
changes between the spectra.
The CD signal of the model LH2 in DG2 is similar to the signal of these complexes in 
strain DD13. In the Car region the maximal peaks are blue-shifted in comparison to LH2 
WT, from ~ 495, 466 and 463 nm to ~ 489, 458, 434 nm, respectively (figure 3.9B).
The excitation spectrum (figure 3.9C) from isolated membranes of LH2 αAL16/S-4 expressed 
in DG2 shows also changes in the Car region, closely similar to the changes of LH2  α
AL16/S-4 expressed in DD13 (figure 3.8C). The major intensity peaks of the Car are blue 
shifted in comparison to LH2 WT, from ~ 491 nm to ~ 487 nm, ~ 465 nm to ~ 457 nm and 
~ 440 nm to ~ 427 nm. Furthermore in LH2  αAL16/S-4, the ET from Car to BChl-B850 is 
reduced by approximately 12% as compared with LH2 WT, and ET from BChl-B800 to 
BChl-B850 is reduced by approximately 65%. The spectra analysis of the mutant LH2 α
AL16/S-4 shows that there are additional alterations in the spectra as compared to LH2 α
AL16 and  LH2  WT, the  absorption  ratio  B800/B850  is  reduced and  the  BChl-B850 is 
slightly red shifted. However, the assembly of LH2 is principally supported.
In  summary,  in  LH2  αAL16/S-4 and  LH2  αAL16/T-4,  there  is  a  reduction  in the  intensity 
absorption band of BChl-B800 in comparison to LH2 WT or LH2 αAL16. Interestingly, in 
LH2 αAL16/S-4 the reduction in ET from BChl-B800 to BChl-B850 as well as Car to BChl-
B850 is more pronounced, as compared to LH2 αAL16/T-4. The absorption maxima of the 
Car are blue shifted in both LH2 αAL16/S-4 and in LH2 αAL16/T-4. Curiously, LH2 αAL16/T-4 has 
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spectroscopic  characteristics  similar  to  both  LH2  αAL16  and  LH2  αAL16/S-4.  Although, 
alanine and serine are more similar in size than threonine and alanine (alanine and serine 
have an identical  surface  (115  Å2)  and almost  the same volume (88.6  Å3 and 89 Å3 
respectively)).  Apparently,  the  effect  of  the  residues  -4  at  the  BChl/protein  interface 
depends  on  shape  as  well  as  other  properties  (see  below).  In  any  case,  the  critical 
importance of the residue at position -4 is demonstrated by the finding that out of the 12 
residues  tested  in  the  model  sequence  context,  only  alanine,  threonine,  and  serine 
support assembly the antenna complex.
To specifically explore the effects of the residues’ physical and chemical properties at the 
BChl-protein  interface,  the  residue  at  -4  is  permutated  in  WT sequence  context  and 
explored in the LH2 modelled structure (see below).
3.2.4 Structural stability of model LH2 complexes
The LH2 complexes exhibit irreversible, cooperative thermal unfolding transitions and can 
be described as an irreversible two-state process . In the case of the irreversible two-state 
process, the denaturation is kinetically controlled and thus, depends on the heating rate. 
Upon heating, the dissociation/unfolding of the complex leads to disruption of the BChl-
BChl coupling and consequently to the loss of the CD signal at ~ 845 and ~ 862 nm. The 
thermal stability of the LH2 model protein complexes has been determined by following 
the CD signal during heat denaturation in the native lipid environment. Figure 3.10 depicts 
the thermal denaturation curve of LH2 WT, LH2 αAL16, LH2 αAL16/S-4, and LH2 αAL16/T-4. 
LH2  αAL16 is clearly the least stable complex with a midpoint of denaturation (Tm) of ~ 
30°C (figure 3.10). Considering that the optimal growth temperature is ~ 34°C for  Rb. 
sphaeroides, it is not surprising that LH2 αAL16 is found in the membrane at considerable 
lower levels than LH2 WT (see below).
43
CHAPTER 3 INTERACTIONS PROTEIN-BCHL
20 40 60 80
0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
 
 
C
irc
ul
ar
 d
ic
hr
oi
sm
 ( 
A 84
5X
10
3 )
T( °C)
Figure 3.10: Thermal denaturation of LH2 WT (black),  LH2  αAL16 (red), LH2  αAL16/S-4  (dark 
cyan), and  LH2  αAL16/T-4 (violet). Changes  of  the  CD  signal  at  845  nm  during  heating  of 
suspended membranes. The Tm values are indicated by the arrows. The denaturation curves (grey) 
have been fitted with by use of Origin curve fit program. Fitted curves are shown in color black, red, 
dark cyan and violet.
In LH2 αAL16/S-4 which is identical to LH2 αAL16, except for the serine instead of alanine at 
position -4, the Tm is shifted to ~ 56°C, thus approaching the Tm of LH2 WT (~ 67°C). In 
LH2 αAL16/T-4, the Tm is ~ 46°C and its stability is between LH2 αAL16/S-4 and LH2 αAL16. 
The shape of the denaturation curve of LH2 αAL16/T-4 is also closely similar to the curve 
LH2 αAL16/S-4. In addition the Tm of LH2 αAL16/S-4 differs by in less than 10 °C, from the Tm 
of LH2 WT, whereas, the Tm of LH2 αAL16 is reduced by more than 15°C in comparison to 
LH2 αAL16/T-4. Remarkably, the substitution of alanine at position -4 by threonine or serine, 
especially, serine, results in a complex which is clearly more stable than LH2 αAL16, even 
though, only a single replacement, and, in addition, a fairly conservative (residues that are 
highly similar in their properties) has been made.
In the modelled structure (figure 3.11) there are different possible rotamers for serine -4 in 
LH2  αAL16/S-4.  For each one, serine as well  as threonine, exhibits a possible hydrogen 
bond (see below) to the BChl-B850. Both residues donate an hydrogen of the hydroxyl 
group to the C131 keto carbonyl atom of the BChl-B850. Thus, the relative stabilisation 
observed  in  LH2  αAL16/T-4 as  compared to  LH2  αAL16 may  be  related  to  H-bonding 
between the OH group of these residues at -4 and the C13 keto of one of the BChl-B850 
molecules.
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3.2.5 Hydrogen bonding interactions at the BChl-protein interface
As is obvious from the high resolution structure of Rps. acidophila , position -4 is in close 
vicinity of ring E and its substituents. The stabilizing effect of  serine  versus alanine in 
model LH2 αAL16 may be related to the presence of the OH group which can participate in 
H-bonding to the C13 oxo groups. The hydrogen bond may be also present in the LH2 α
AL16/T-4, since threonine has the OH group (see below, figure 3.13). There are works, which 
demonstrated  that  the  threonine  donates  a  putative  hydrogen  bond  to  (B)Chl   and 
specifically the keto group C131 in PS I .
It  is  known that  the  keto  carbonyl  C131 of  (B)Chl  frequently  participates  in  hydrogen 
bonding (Sturgis et al. 1995b, Witt et al. 2002, Kwa et al 2004a). This has been reported 
for the antenna-RC complex of PS I  and in bacterial RCs , , . Additionally, the statistical 
analysis of the nearly 100 Chl binding sites in PS I confirm that the C131 keto carbonyl 
groups are repeatedly involved in H-bond interactions .
Figure 3.11: Possible H-bonding of serine in position -4 and BChl-B850 in model from Rb. 
sphaeroides. (A) Hydrogen bond between the hydroxyl of S(-4) and the C171 of α-BChl-B850, (B) 
the C131 from β-BChl-B850 and (C) the C133 of the β-BChl-B850.
To further explore whether the significant rise in stability in LH2 αAL16/S-4 (and partly LH2 α
AL16/T-4)  is  related  to  H-bonding  at  BChl-protein  interface,  RR spectroscopy has  been 
employed. RR  spectroscopy  is  a  method  which  is  very  useful  in  dissecting  the 
physicochemical  mechanisms  underlying  the  interactions  among  (B)Chl  and  the 
surrounding  polypeptide.  In  particular,  the  Raman  bands  are  very  sensitive  to 
intermolecular  interactions  between  the  C131 keto  and  C3  acetyl  groups,  which  are 
conjugated  to  the  (B)Chl  macrocycles’  π-system,  and  their  immediate  polypeptide 
environments (Robert 1996), , .
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Figure 3.12: RR spectra of LH2 WT (black), LH2 αAL16/S-4 (cyan), and LH2 αWTS-4/A (pink). The 
shift of the 1651 cm-1 band to 1677 cm-1 is indicated by the arrow.
The typical  RR spectrum of LH2 WT has five bands in the carbonyl stretching modes 
region (1620-1710 cm-1) , , , . Specifically, the bands at 1627 and 1635 cm-1 have been 
attributed to the C3 acetyl groups of the BChl-B850 . The stretching mode of the acetyl 
carbonyl of the BChl-B800 also contributed in this frequency range, but is very weak in FT 
Raman spectra . The remaining bands have been attributed to the C131 keto carbonyl of 
the BChl-B850 (1651 and 1677 cm-1) and of the BChl-B800 (1701 cm-1), , , (Robert & Lutz 
1985). The considerable downshift of one of the BChl-B850 C131 keto bands to 1651 cm-1 
has been proposed to reflect strong hydrogen bonding , , . The residue which participates 
in this bond has not yet been identified.
The Raman spectrum of  LH2  αAL16/S-4 resembles the spectrum of  the LH2 WT in the 
carbonyl region; in particular, the band at 1651 cm-1 is clearly discernable (figure 3.12). 
There are some alterations; the two low frequency bands at 1627 and 1635 cm-1 have 
been replaced by an intense band at  1630 cm-1.  The merging of  the 1627-1635 cm-1 
bands have been also observed in the spectra of LH2 αWTS-4/A (figure 3.12)  and from Rb. 
sphaeroides G1C, which produces as the major Car NE . In Rb. sphaeroides G1C, it has 
been attributed to  a minor  reorganization  of  the C-terminal  end of  the  α polypeptide, 
because of the change in chemical structure of the Car terminal groups. The band at 1677 
cm-1 is broadened and probably split into two bands with frequencies at ~ 1673 and 1685 
cm-1, whereas the intensity of the band at 1701 cm-1 is strongly reduced. One possible 
explanation  for  these  alterations  may  be  that  the  BChl-B800  assumes  an  altered 
conformation in the model BChl-binding site  (chapter 5), which leads to an increase in 
polarity around the keto group (which is located in the membrane interface close to the 
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cytoplasmatic lumen) and thereby shifts its Raman frequency by 15 cm-1 to lower wave 
numbers. In accordance, the reduced ratio of the B800/B850 absorption bands (figure 
3.8A and 3.9A) and the reduced B800 fluorescence excitation band (figure 3.8C and 3.9C) 
point  to  either  a  partial  loss of  the BChl-  B800 or  to  a reduced extinction  coefficient 
because of the alteration in this site . In any case, the modifications in the Raman spectra 
indicate that some rearrangement may occur upon the replacement of the BChl-B850 TM-
binding domain in LH2 αAL16/S-4.
The remaining spectrum of LH2 αAL16/S-4 is very similar to the spectrum of the LH2 WT. In 
particular, the band at 1651 cm-1 which has been assigned to the hydrogen-bonded C131 
of β-BChl-B850 is clearly present. In contrast, in the FT Raman spectrum of LH2 αWTS-4/A, 
the  band at  1651 cm-1  is  nearly  absent,  whereas  the  band at  1677 cm-1 has  gained 
intensity and is shifted to slightly lower energies (figure 3.12). The loss of the 1651 cm-1 
band indicates  that  in  the  mutant  LH2  αWTS-4/A the  hydrogen  bond to  the  C131 keto 
carbonyl  group  of  β-BChl-B850  has  been  disrupted  or  weakened  .  This  is  further 
supported by similar alterations in the Raman spectra of the mutant LH2 αWTS-4/G. In LH2 
αWTS-4/G, serine at position -4 is replaced by glycine, which does not have any side chain 
(see chapter 4) (Garcia-Martin 2006a). Conceivably,  in LH2  αAL16,  with alanine, which 
does not have the hydroxyl group of the αS(-4), the keto carbonyl groups of β-BChl-B850 
are free of strong polar intermolecular interactions. Equally, in LH2 αWTS-4/G which lacks 
any side chain. The frequency of the Raman band at 1677 cm-1 (‘free’ keto groups have 
bands around 1700 cm-1) indicates, however, that there still are some polar interactions 
either with polar residues or a polar environment (figure 4.9, chapter 4).
Taken together, the FT Raman results strongly suggest that there is an hydrogen bond 
between S(-4)  and the BChl-B850 in the model  BChl-binding site  of  the LH2  αAL16/S-4 
similar  to  the  bond  in  LH2  WT .  In  the  absence  of  either  serine  or  threonine,  and 
consequently the hydroxyl group parting in hydrogen bonding; the stable assembly of the 
model  LH2  is  significantly  diminished.  The  critical  input  of  this  H-bond  is  further 
demonstrated by use of a model protein in which the entire BChl-B850 site is modified. In 
the  model  LH2  complex  with  entirely  simplified  binding  sites  on  both  the  α-  and  β-
subunits,  LH2  αAL16 +  βAL12,  LH2-like  complex  is  not  even  assembled  to  detectable 
amounts in the membrane . The assembly of LH2 αAL16 + βAL12 maybe “rescued” by the 
introduction of serine at position -4 .  Apparently in this case, whether assembly takes 
place  or  not  depends  on  the  establishment  of  the  H-bond  at  the  BChl-B850/protein 
interface. Previously, the importance of intramembrane hydrogen bonding for the folding 
and assembly of the membrane proteins has been demonstrated . Here is shown that the 
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assembly of BChl proteins depends on intramembrane hydrogen bonding between the 
BChl and its binding polypeptide.
Surprisingly, in WT sequence context the H-bond between the serine hydroxyl and C131 
of  BChl-B850 seems not  to  be  a  major  factor  for  the  stability  of  LH2 (not  shown),  . 
Recently, it has been suggested that certain CH groups, such as methyl hydrogens, could 
also acts as H-bonds donors (Ho & Curmi  2002,  Desiraju 2002).  It  therefore may be 
possible that alanine at -4 is also involved in, albeit weaker, H-bond interactions with the 
C131 keto carbonyl and partly compensates for the disruption of the strong bond to serine. 
Alternatively,  nearby  α-histidine at  position 0 could closely interact  with  the C131 keto 
carbonyl group. Formation of hydrogen bond between these residues and BChl may partly 
compensate for the loss of the H-bond to the OH of the S(-4) and at the same time may 
be  accountable  for  the  relatively  low stretching  frequency  of  the  keto  group  even  in 
absence of  serine.  However,  in  LH2  αWTS-4/A,  if  such a  bond is  formed,  it  should be 
weaker  than the H-bond with the hydroxyl  group in LH2  αAL16/S-4 as obvious from the 
Raman data and LH2 stability.
The RR of LH2  αAL16/T-4 could not be measured due to the low expression level of this 
mutant which makes it impossible to obtain a reliable Raman spectrum. In the figure 3.13 
the modelled structure of  LH2  αAL16/T-4,  however,  is depicted. As shown α-T(-4) has 3 
possible rotamers which would allow for H-bonding with the BChl-B850.
Figure 3.13: Possible rotamers from the modelled structure of LH2  αWTS-4/T. (A) Hydrogen 
bond between the hydroxyl of T(-4) and C134 of the β-BChl-B850, and (B) the C171 of α-BChl-B850 
and the (C) C131 of β-BChl-B850.
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3.2.6  Permutation  of  the  LH2-α residue  at  position  -4  at  the 
BChl/protein interface in LH2 WT complex
Assembly of a model-LH2 complex (see below) LH2  αAL16 +  βAL12 has been shown to 
depend on a single serine residue at the BChl helix interface, which makes a H-bond 
between  the  hydroxyl  of  serine  -4  and  the  C131 of  the  β-BChl-B850  .  Exchange 
experiments using modified (B)Chl molecules showed that the substituents at ring E are 
critical  structural  factors  for  proper  binding  and  assembly  of  BChl  .  Apparently,  the 
interaction of these substituents is a critical factor in the recognition/binding of the BChl 
molecule by the polypeptide. In the statistical analysis of (B)Chl bindings pockets  it has 
been observed that contacts to the residue at the position - 4 relative to the histidine 
ligand occur most frequently.
In this section, the effects of the amino acid side chain properties on LH2 assembly of the 
residue at position -4 of the α-subunit which is in the close vicinity of the C13 substituents, 
have been systematically tested in WT sequence context. To that end serine at position 
-4, is replaced by 15 others amino acids and the assembly of the antenna complex is 
monitored by in situ optical absorption spectra (figure 3.14). The structures of the mutants 
are modelled by the program Deep View/Swiss- PDB View (version v 3.7) and WHAT IF 
to visualize its  conformation and position relative to the BChl-B850.  All  the structures 
shown  in  this  section  of  the  chapter  are  based  on  the  modelled  structure  of  Rb. 
sphaeroides.
Each amino acid has several  possible conformational  positions in the structure;  these 
positions are called rotamers. A rotamer is a set of allowed rotation angles of side-chain 
bonds, and restriction of rotamers is a major energy factor in protein folding, mainly for 
entropic reasons. Here, the rotamer of the mutants with the lower score are selected. The 
residue at position -4 in close vicinity of the BChl ring E is critical for LH2 assembly as 
demonstrated by use of the model LH2 (see below). To further understand of the role of 
this  residue,  it  is  systematically  mutated  in  the  model  structure. Preliminary 
characterisation of these mutants is presented here, but thorough experimental analysis is 
still wanting but beyond the scope of this work.
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Figure 3.14: Assembly of LH2 WT in dependence of the residues at position -4. “In situ” 
spectra  are  taken of  Rb.  sphaeroides colonies  expressing LH2  WT  and LH2  αWTS-4/X with 15 
different residues at position -4. Colour coding is indicated in graphs.
Glycine is the smallest  amino acid (surface 75 Å2 and volume 60.1 Å3) with its side chain 
being a single hydrogen atom. Despite its small size glycine is an important amino acid for 
the folding and stability both in soluble and TM protein. It is very abundant in membrane 
helices (Popot & Engelman 2000). In TM helices, glycine does not have helix destabilising 
properties in contrast to its effects in soluble proteins (Popot & Engelman 2000). Since it 
has no large side chain to conflict with other structures it  has much more flexibility  of 
rotation than its larger “colleagues”.
With the replacement of the serine at position -4 with glycine in the mutant LH2 αWTS-4/G, 
the hydrogen bond between this amino acid and BChl-B850 is disrupted. This disruption is 
apparent from the Raman spectrum of this mutant (figure 4.9, chapter 4). LH2 αWTS-4/G, 
assembles to LH2-like complex, however, it shows a band at ~ 760 nm (free BChl), and 
the intensity of the bands at BChl-B850 and BChl-B800 are reduced relative to BChl-B760 
in comparison to LH2 WT (figure 3.14). Besides, this mutant shows a slight red shift of the 
absorption maximum of the BChl-B850 (from ~ 849 to ~ 851 nm) (table 3.1) in comparison 
to  the  maximum  of  LH2  WT.  In  addition,  the  structural  stability  of  this  mutant  is 
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significantly reduced possibly due to either the effective disruption of the H-bond and/or 
the emergence of a cavity in the protein interior at the BChl-protein interface (for further 
discussion of this mutant WT αLH2S-4/G see in chapter 4).
LH2
assembly
λ max 
(nm)(a) 850/760(b)
  ∆OD
(cm-1)(c)
Surface of 
residue at -4 
(Å2)(d)
Volume of 
residue at -4
(Å3)(e)
LH2 αWT + 849 0x106 115 89
LH2 αWTS-4/G + 851 2.4 2x106 75 60.1
LH2 αWTS-4/A + 848 17 1x106 115 88.6
LH2 αWTS-4/V + 844 0.7 6x106 155 140
LH2 αWTS-4/I + 842 0.375 7x106 175 166.7
LH2 αWTS-4/L + 837 0.6 12x106 170 166.7
LH2 αWTS-4/D + 844 1 5x106 150 111.1
LH2 αWTS-4/N + 845 2.25 4x106 160 114.1
LH2 αWTS-4/Q + 843 1.6 6x106 180 143.8
LH2 αWTS-4/M + 846 0.5 3x106 185 162.9
LH2 αWTS-4/C + 850 16 1x106 135 108.5
LH2 αWTS-4/H + 847 2.8 2x106 195 153.2
LH2 αWTS-4/E — 190 138.4
LH2 αWTS-4/Y — 230 193.6
LH2 αWTS-4/K 200 168.6
LH2 αWTS-4/F 210 189.9
Table 3.1:LH2 properties in dependence of the residue at position -4. (a) Maximal absorption 
of BChl-B850 Qy transition, (b) ratio between BChl-B800 and -B850, (c) blue shift of the maximal 
absorption of the Qy transition of BChl-B850, (d) the values are according to (Chothia 1976) (e) the 
values are according to (Zamyatin AA 1972 ).
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In LH2 αWTS-4/A the serine at position -4 is replaced by alanine. Alanine has an identical 
surface (115 Å2) and similar volume (88.6 Å3) as serine. The in situ absorption spectrum of 
LH2 αWTS-4/A (figure 3.14) is closely similar (blue shift of ~1 nm) to the spectra of LH2 WT 
(table  3.1).  Thus,  the exchange of  the serine by alanine apparently  neither  results  in 
significant alterations of the BChl excitation energies nor in the pigment arrangement . In 
the  modelled  structure  of  Rb.  sphaeroides from  LH2  αWTS-4/A no  hydrogen  bond  is 
indicated, because the methyl hydrogen atoms of CB of  alanine are not considered to 
participate in H-bonding. However, it could be possible that this residue is involved, albeit 
weak, H-bond interactions with the C131 keto carbonyl   and partly compensates for the 
disruption of the strong bond to serine -4. In any case, the Raman spectrum indicates that 
the hydrogen bond has been disrupted or significantly weakened (figure 3.12). However, 
the carbonyl resonance frequency is not as for free carbonyls groups, indicating either a 
polar environment or weak H-bonding. Stability is almost unchanged for the LH2 αWTS-4/A , 
whereas much reduced for LH2 αWTS-4/G, (figure 4. 10, chapter 4).
Summing  up,  the  small  residues,  G  and  A,  did  not  significantly  affect  the  spectral 
properties of LH2. In both mutants there is a very minor shift in the absorption of BChl-
B850 in comparison to WT. G and A residues, together with S and T, have the highest 
packing values in integral membrane proteins .
However,  the planarity of the BChl-B850 macrocycle may not permit  the simultaneous 
close packing of the very short glycine residue at position -4 and “longer” residues at other 
positions along the BChl-protein interface (see chapter 4).
The  aliphatic  residue,  valine  has  a  larger  surface  (155  Å2)  and  volume  (140  Å3)  as 
compared  to  serine  and  apparently has  no  capacity  to  form hydrogen  bonds.  In  the 
modelled structure of LH2 αWTS-4/V (not shown) every rotamer has a good score and there 
are no bumps between the valine and the BChls. The in situ absorption spectrum of LH2 α
WTS-4/V exhibit some changes in comparison to the spectrum of LH2 WT: (i) a red shift of 
the maximal band of BChl-B850, from ~ 849 to ~ 844 nm and (ii) a shoulder at ~ 760 nm 
(table  3.1),  indicative  of  alterations  in  BChl-B850  geometry  and  some  disturbance  in 
stable assembly (figure 3.14). Thus, although valine is often favoured in the TM region 
due to its hydrophobicity, its side chain maybe unfavourable large, resulting in the above 
changes.
Leucine and isoleucine are both “long” aliphatic amino acid without the capacity to form H-
bond. They have identical volumes (167.7  Å3);  however, isoleucine (175 Å2) has slightly 
larger surface than leucine (by 5Å2). Curiously,  the substitution of serine for leucine or 
isoleucine at position -4 permits the assembly of the antenna complex (figure 3.14). A 
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number of  changes are recorded in the spectra  of  LH2  αWTS-4/L and LH2  αWTS-4/I as 
compared to LH2 WT (figure 3.14): (i) the mutants exhibit a strong absorption at ~ 760 nm 
typical of free BChl, (ii) the BChl Qy absorption maximum is blue shifted by ~ 12 nm (from 
~ 849 to ~ 837 nm) in the case of LH2 αWTS-4/L and ~ 7 nm (from ~ 849 to ~ 842 nm) in 
the case of LH2  αWTS-4/I (table 3.1) and (iii)  the intensity of the band of BChl-B800 is 
higher than of the BChl-B850, probably due to broadening of the band of BChl-B850 . It 
should be noted that the spectrum of LH2 αWTS-4/I is barely discernable and due to the low 
signal to noise ratio, the spectral properties maybe somewhat distorted.
In the modelled structure of LH2  αWTS-4/L there are 22 possible rotamers; two of them 
have a very good score (-3), but the majority have scores above 0 up to +11, indicative of 
the presence of single, double, triple, and quadruple bumps. The bumps occur with BChl-
B850, particularly, with the atoms C131, C131 oxo, C133, C133 oxo, C134 and C134 oxo of 
the  β-BChl-B850 as well as with C171 and C173 oxo of the phytol rest of  α-BChl-B850 
(figure 3.15A).
Figure 3.15:  Modelled structure  of  LH2  αWTS-4/L (A) and LH2  αWTS-4/I (B).  The purple  lines 
indicate the bumps between the residues and the BChl. Note, that this rotamer of leucine has 4 
bumps with BChl-B850.
On the contrary, the rotamers of the mutant  LH2  αWTS-4/I only have simple or double 
bumps with the BChl-B850 (figure 3.15B). This indicates that isoleucine and leucine have, 
in spite of their general similarity, distinctly different conformations and thus contacts with 
their immediate environment, in particular, with substituents of the BChl-B850 at C13.
In summary, the aliphatic residues valine, leucine, and isoleucine support LH2 assembly. 
Interestingly,  the replacement of serine by these residue results in blue shifting of the 
maximal absorption of the Qy transition of BChl-B850. In LH2 αWTS-4/L the shift is maximal 
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by ~ 12 nm. These shifts are likely induced by changes in the geometry of the  β-BChl-
B850 in its binding pocket relative to the α-BChl-B850 (see below) due to the presence of 
the long side chains.
Replacement of  serine -4  with  the non polar  residue methionine (surface 185  Å2 and 
volume 162.9 Å3) permits complex assembly (figure 3.14). As judged from the ratio of the 
760/850 bands, the expression level of assembled antenna complex is low. Surprisingly, 
the red most absorption band of BChl-B850 is only shifted by ~3 nm to the blue (table3.1), 
indicative of only minor disturbance in the BChl-B850 geometry. In the model structure the 
best rotamer has a score -1, but even in this conformation, clashes occur between the 
atom CE of methionine and the C171 of α-BChl-B850. In other rotamers there are bumps 
between the SD and/or CE of the methionine -4 and the BChl-B850 molecules.
The in situ spectrum (figure 3.14) (table 3.1) of LH2 αWTS-4/F, shows that the replacement 
of serine by phenylalanine, (surface 210 Å2 and volume 189.9 Å3) results in the loss of the 
LH2 complex from the membrane. In the model structure, the best three rotamers have a 
score of 3, in which, there are bumps between F(-4) and the C131 keto carbonyl of  β-
BChl-B850. This mutation does not permit assembly of a stable antenna complex, likely 
due to the bulky side chain which clashes with the BChl-B850, in particular, the oxo C131 
oxo of the β−BChl-B850. As obvious from the absence of the typical LH2 in the absorption 
spectrum (figure 3.14), the replacement of serine by tyrosine also results in abolishment of 
antenna from the membrane (see also table 3.1). Tyrosine has been shown to participate 
in hydrogen bonding with  the C3 acetyl  of  the BChl-B850 in LH2  at  the position -4, 
however, the tyrosine’s size appears to be incompatible with either the folding and/or the 
stable assembly of LH2.
Similar to phenylalanine, the side chain of tyrosine has a considerable larger surface (230 
Å2) and volume (193.6 Å3) than serine. In the model structure Y(-4) there are clashes with 
both BChl-B850 molecules, specially, the carbon atoms of the tyrosyl bumps ring bumps 
with  the  C131 of  β-BChl-B850  and  with  the  C16,  N16,  and  C19  of  the  α-BChl-B850 
macrocycle.
Threonine is often found in the TM region of proteins in spite its polar side chain largely 
due to its participation in hydrogen bonding between TM helices . In addition, threonine 
has a high packing value; supporting the close association with surrounding polypeptide 
residues. According to the modelling, threonine at position -4 makes hydrogen bonds to 
the BChl-B850. The figure 3.13 displays some of the threonine rotamers. In the model, the 
hydroxyl  group of the threonine makes a hydrogen bond with either the keto carbonyl 
group C131 (score -4) or C134 (score -5) of the β-BChl-B850 or the C171 (score -5) of the α-
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BChl-B850.  Being  quite  similar  to  serine  both  are  polar,  and  have  relatively  similar 
surfaces and volumes (serine: 115  Å2,  89 Å3,  threonine:  40  Å2,  116  Å3),  and has the 
capacity to donate a hydrogen for H-bond interactions. Evidently, if the serine at position 
-4  is  replaced  for  threonine  in  LH2  αAL16/T-4,  the  assembly  of  the  model  complex  is 
supported (see below).
Replacement of serine for aspartate permits assembly of LH2 complex as obvious from 
the in situ optical spectrum of LH2 αWTS-4/D (figure 3.14). The red most absorption band of 
BChl-B850 is slightly blue shifted in comparison with LH2 WT (from ~ 849 nm to ~ 844 
nm). The band at ~ 760 nm typical of free BChl (table 3.1), indicates some disturbance in 
complex assembly. In the model structure of this mutant (figure 3.16A) an hydrogen bond 
between aspartate  and the oxo C131 of  the  β-BChl-B850 is  indicated (score -3).  The 
potential H-bond and the fairly small size of this residue appear to allow for the assembly 
of the LH2 complex, in spite of its potentially charged carboxyl side chain.
Figure 3.16: Model structures of LH2  αWTS-4/D (A) and LH2  αWTS-4/E  (B). Note, the hydrogen 
bond between BChl-B850 and aspartate involve is the keto carbonyl C131 of β-BChl-B850 and the 
OH  of  the  carboxyl  side  chain  of  Asp  (-4)  and  the  hydrogen  bond  between  BChl-B850  and 
glutamate at position -4 involves the C173  oxo of  α-BChl-B850.  The H-bonds are represented by 
dotted lines.
In contrast, the replacement of serine by glutamate in LH2 αWTS-4/E, leads to loss of the 
LH2 complex from the membrane (figure 3.14), (table 3.1). Glutamate is very similar to 
aspartate,  as both are negatively charged amino acids with  a terminal  carboxyl group 
which have only slightly different pKs (glutamate with 4.3 is higher than that aspartate 
3,9). Glutamate, however, is the larger residue (glutamate:  190  Å2, 138.4  Å3, aspartate: 
150 Å2, 111 Å3).
The modelled structure of the mutant LH2 αWTS-4/E shows that hydrogen bonding between 
the OH group of the glutamate carboxyl group and the oxo C173 (figure 3.16B) from the α-
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BChl-B850  could  take  place. There  is,  however,  also  multiple  bumping  due  to  the 
relatively large size of glutamate compared to serine and aspartate.
Usually, Glu and Asp are rarely found in TM helices except for the peripheral ends of the 
TM helices where the negative charged side chain favours interactions with the lipid head 
groups or charged groups from other amino acids. It has been shown that Glu and Asp 
may be placed in model poly Leu TM helices without inhibiting helix insertion nor inducing 
the break of the helix .
In accordance, replacement of serine -4 with aspartate which has a size (surface 150 Å2 
and  volume 111.1  Å3)  fairly  close  to  serine  permits  complex  assembly.  Curiously, 
replacement by glutamate (which has one carbon more in its side chain) results in the loss 
of LH2 from the membrane.  The polar and charged groups of the carboxyl  group are 
strongly unfavourable in the interior of the membrane and thus needs to be saturated by 
other polar and charged groups in close vicinity. The carboxyl of Glu may participate in H-
bond to the C173 keto carbonyl of  α-BChl-B850, but at the same time bumping with the 
neighbouring amino acid residues is high. Thus, it appears that, in the case of glutamate, 
the  combination  of  charge  and  steric  hindrance  results  in  the  loss  of  LH2  from  the 
membrane.
Replacement of the serine -4 by the positively charged residue lysine, results in the loss of 
LH2 complex (figure 3.14). This is easily rationalised because introduction of the positive 
charge of the imino group into the membrane is thermodynamically unfavourable,  and 
additionally, the surface (225 Å2) and volume (173.4 Å3) of this residue results in multiples 
bumps with BChls-B850 and hence steric hindrance is likely to be significant.
In summary, it appears that out of the three charged residues tested only Asp at position 
-4 supports assembly of LH2. Substitutions of the Ser by Lys or Glu at position -4 results 
in the disruption of complex assembly. This suggests that principally potentially charged 
residues are tolerable at the BChl protein interface. From the modelling it is apparent that 
Asp  may  participle  in  H-bonding  with  the  keto  carbonyl  group  C131 of  β-BChl-B850. 
Protonation of the carboxyl groups is likely to occur in the membrane interior . It has been 
shown by sequences analysis  of  PS I  that  aspartate  is  present  at  significantly  higher 
frequency as expected from random at position -4 in Chl binding pockets . This further 
supports the fitness of aspartate at position -4 in the close vicinity of BChl and its potential 
stabilising role at the BChl-protein interface.
The  side  chain  thiol  group  of  the  cysteine,  although  a  soft  H-bond  donor  (Popot  & 
Engelman 2000), could participate in H-bonding to BChl-B850. Although less frequent, it is 
favoured in a low dielectric environment (Popot & Engelman 2000).  However statistical 
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analysis  (Adamian & Liang 2001) indicates that  the disulfide bonds are not  frequently 
found in membrane proteins and do not play important roles in maintaining the stability of 
the TM helix. Cysteine has a small surface (135 Å2) and volume (108.5 Å3), quite similar to 
serine, and also has capacity to form H-bond. As shown in the modelled structure of LH2 
αWTS-4/C one of  the rotamers makes an H-bond with  the C131 of  β-BChl-B850 (figure 
3.17). In accordance, the in situ absorption spectrum of LH2 αWTS-4/C (figure 3.14) is very 
similar to the spectrum of WT (table 3.1).
Figure 3.17: Modelled structure of LH2 αWTS-4/C. Cysteine may participate in hydrogen bonding 
with the keto carbonyl C131 (score -4) of β-BChl-B850.
Histidine  is  not  often  found in  TM helices;  however,  it  is  very important  as  ligand of 
prosthetic  groups  such  as  Chl  and  heme molecules.  Histidine  replaced the  serine  at 
position -4 in the mutant LH2 αWTS-4/H. There is a possible hydrogen bond between the 
histidine and the C173 keto carbonyl or with the oxo C131 from the α-BChl-B850. In LH2 α
WTS-4/H, there is only a minor blue shift in the red most absorption band (table 3.1). The 
level  of  assembled  LH2  αWTS-4/H is  lower  than  that  of  LH2  WT,  indicative  of  some 
disturbance in LH2 structural stability and/or in assembly (figure 3.14).
Figure 3.18: A view of the structure from LH2 αWTS-4/H. Note that histidine and BChl-B850 are in 
parallel plane.
Curiously, although histidine has quite a large volume and surface (similar to Ile and Leu, 
see below), the spectral properties of the mutant LH2 αWTS-4/H are not altered significantly 
57
CHAPTER 3 INTERACTIONS PROTEIN-BCHL
in comparison to LH2 WT. There are three rotamers of the His at position -4 in which the 
imidazole  lies  parallel  to  one  ring  of  the  macrocycle  from  BChl-B850  (figure  3.18). 
Possibly,  the imidazole ring of  histidine interacts  favourably with  the tetrapyrrol  of  the 
BChl-B850. Statistical analyses of plant photosystems have shown that histidine residues 
are frequently present in Chl-binding pockets, particulary often in the close vicinity of ring 
A of the macrocycle .
Asparagine is similar to aspartate, but has larger surface (160 Å2) and volume (114 Å3), 
and its side chain groups are not ionisable. The red most absorption band of LH2 αWTS-4/N 
is  blue  shifted  from  ~  849  nm  to  ~  845  nm,  and  the  band  at  ~  760  nm is  clearly 
discernable  indicating  some  disturbances  in  the  complex  assembly  in  the  membrane 
(figure 3.14, table 3.1). According to the model structure, asparagine at position -4 could 
participate in H-bonding with C131 of the β-BChl-B850 (figure 3.19).
Figure  3.19:  Modelled  structure  of  LH2  αWTS-4/N. Asparagine  may  participate  in  hydrogen 
bonding with the keto carbonyl C131 (score -5) of β-BChl-B850.
As obvious from the in situ absorption spectrum (figure 3.14), replacement of serine -4 by 
glutamine supports  the assembly  of  complex.  In  contrast,  glutamate,  which  is  closely 
similar in structure and volume, inhibits assembly of the complex. However, glutamine is a 
residue with smaller surface (180 Å2) than glutamate (190 Å2), and it is side chain is not 
ionisable.  The  model  structure  shows  that  the  amino  side  chain  group  of  Gln  may 
participate in H-bonding to BChl-B850 (not shown).
In summary, from a total of 16 amino acid tested at position -4 of the α-subunit (proline, 
arginine, tryptophan and threonine have not been tested), there are four residues which 
when substituting for serine inhibit the assembly of LH2 complex (figure 3.14). These are 
the  either  charged  and  relative  large  residues  (lysine  and  glutamate)  or  very  bulky 
aromatic  residues  (tyrosine  and  phenylalanine).  Remarkably,  most  of  the  residues 
replacing serine at position -4, produced LH2 complex with some impediment in functional 
and structural properties. The critical importance of the residues at this position is thus 
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demonstrated  by  its  influence  on  the  absorption  properties  hence,  the  functional 
modulation of  the light  harvesting  active  BChl-B850.  Apparently,  there is  a correlation 
between  the  volume  of  the  residues  at  position  -4  and  the  position  of  the  maximal 
absorption of  BChl-B850 (figure  3.20).  In  essence,  the spectral  shifting  of  BChl-B850 
absorption  band  is  linearly  proportional  to  the  residues  volume  (exceptions  are  the 
residues histidine and methionine which do not induce spectral changes). Lys, Tyr and 
Phe are the residues with the largest volume and surface tested,  and in addition Lys 
possesses a charged side chain as well as Glu. These findings indicate that the volume is 
the critical  parameter for complex assembly, but also charge is definitely destabilising. 
However,  if  the residues contribute to the stability  favourably,  like H-bonding and/or a 
suitable packing volume, a charged side chain is compatible even in the interior of the lipid 
bilayer at the BChl/protein interface.
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Figure  3.20:  Shift  in  the  BChl-B850  absorption  maximum  as  a  function  of  residue  (-4) 
volumes. Note that the blue shifting is linearly increasing with the volume of the residue at position 
-4. λmax indicates the maximum of the BChl-B850 red most transition. Blue shifts are represented by 
negative and red shift by positive numbers.
Curiously, the correlation does not hold well for Leu and Ile, which have identical volumes 
but  in LH2  αWTS-4/L the blue shift  is  larger than that  in LH2  αWTS-4/I.  The relationship 
between the shifting of the Qy absorption maximum of BChl-B850 and the surface of  β-
BChl-B850 that is covered by each amino acid is shown in figure 3.21.
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Figure 3.21: Correlation between the shift in the BChl-B850 absorption maximum and the 
β-BChl-B850 surface buried by the residue at position -4.
The linear correlation between the   β-BChl-B850 and the blue shifting of the absorption 
maximum of BChl-B850 (figure 3.21) indicates that packing between residue -4 and the 
BChl critically influences the BChl geometry. It appears that in the case of the residues Ile 
and Leu, leucine has a larger contact surface with β-BChl-B850 than isoleucine. This may 
lead to a more pronounced displacement of the pigments from their original position and 
relative to each other, resulting in more pronounced shifts of the red most transition of 
BChl-B850.
In conclusion: the volume of the residue at position -4 is critical for the proper assembly of 
BChl-B850 possibly by modulating the exact BChl geometry/configuration in its pockets.
3.3 Conclusions
In the model protein LH2 αAL16, the absorption and CD spectra are nearly identical with 
those of the native LH2 complex, suggesting that the BChl-B850 geometry and overall 
complex assembly is retained. The fluorescence excitation spectrum of the mutant LH2 α
AL16 shows that the efficient energy transfer occurs from the Car and BChl-B800 to BChl-
B850, and hence that the novel complexes function as LH units (. However,  structural 
stability is significantly reduced .
A hydrogen bond between the hydroxyl group of αS(-4) and the C131 keto carbonyl group 
of the BChl-B850 is identified by Raman spectroscopy (figure 3.12) in the model LH2 and 
in WT LH2. The stability of the model LH2 αAL16/S-4 is critically dependent on this H-bond .
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On the contrary, the stability of the WT LH2 is little affected by the presence or absence of 
the hydroxyl group as demonstrated by the replacement of serine with alanine in LH2 α
WTS-4/A. These findings indicate that the combination of H-bonding and residue packing at 
-4 determines its input to structure stability of BChl/protein assembly.
In essence, the residue at position -4 has a key function in the assembly of LH2 like BChl-
proteins.  Effects  disruptive to  the assembly may be amplified in  the model  sequence 
context devoid of native contacts, but could be compensated in the WT sequence by the 
cooperative contributions of the multiple native contacts at the BChl/protein interface.
The permutation of amino acids with different side chains showed that residues with large 
volume  and  charge  are  unfavourable  at  position  -4  relative  to  the  histidine  ligand 
(glutamate, lysine, tyrosine, and phenylalanine) for the assembly antenna complex.
The volume of the residues appears to be the critical factor, clearly more important than 
charge, which is demonstrated, for example, by the fact that glutamate (pK 4,3) replacing 
serine at position -4, disrupts the assembly of the complex, while aspartate (pK 3,9), with 
very similar charge but smaller volume supports assembly. In addition, amino acids with 
large volume exhibit stronger changes in the maximal absorption band of the BChl-B850. 
The amino acids which have a larger interface with the β-BChl-B850 have also stronger 
blue shifts of the maximum absorption of BChl-B850. Even single replacements with aa 
abort the assembly of LH2 thus demonstrating the critical input of the residue at position 
-4.  This  indicates  that  the  residue  at  position  -4  critically  contributes  to  the  proper 
arrangement of BChl-B850 and the assembly of the LH2 antenna complex.
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CHAPTER 4 
Role of the stereochemical ligation of 
(bacterio)chlorophyll
4.1 Introduction
The folding and assembly of membrane proteins has been extensively studied during the 
last years. A detailed introduction on membrane protein folding has already been made in 
chapter 3, here the main points are briefly summarised again. The assembly of membrane 
proteins had been proposed to occur in two stages; in the first stage, the TM helices are 
inserted  into  a  membrane.  The  driving  force  for  insertion  derives  primarily  from  the 
transfer of hydrophobic side chains from water to the apolar region of the bilayer. In the 
second stage, the protein is then able to fold via the coalescence of the helices to form the 
native  tertiary  structure  (Engelman  &  Steitz  1981,  Popot  &  Engelman  1990,  White 
&Wimley 1999).
The  hydrophobic  interactions  play  a  role  in  the  stabilizing  the  individual  helices,  the 
hydrophobic  side  chains  make  contact  with  the  hydrophobic  region  the  lipids,  thus 
stabilizing a transbilayer location and, the hydrogens bonds that form in this process are 
strong in a low dielectric environment. Van der Waals packing forces play an important 
role in the folding of the membrane proteins, acting between helices, helices and lipids 
and between lipids. There are, also, interhelical H-bonds, which are particularly important 
for the stabilization of helix-helix interactions (Choma et al. 2000, Adamian & Liang 2002, 
DeGrado et al. 2003).
In  cofactors  binding  proteins,  the  interactions  between  the  cofactors  and  TM  helices 
contribute significantly to the folding of the TM protein in the membrane. In photosynthetic 
proteins, the photoactive cofactors, Car and, particularly (B)Chl are very abundant and 
often contribute essentially to the assembly of the pigment protein complex. .
The (B)Chl belong to the cyclic tetrapyrroles, their central metals differentiate the major 
classes:  iron  in  the  hemes,  and  magnesium (and  rarely  zinc)  in  Chl  and  BChl.  The 
presence of different peripheral substituents in the tetrapyrrole skeleton, as well  as its 
hydrogenation state, further distinguishes these two groups of molecules. The structures 
of Chl and BChl are very similar (figure 4.1). The macrocycles of Chl a and BChl a differ 
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only at ring A and B BChl has one additional bond in ring B, and the substituent at ring A 
is an acetyl carbonyl group in BChl and a vinyl group in Chl.
Figure 4.1: Chlorin structures:  Left Chl a and right BChl a. Note that two structures differs 
only (i) in ring A in R1, vinyl for Chl and acetyl for BChl; (ii) Ring B in Chl a has a double bond. The 
numbering system is according to IUPAC rules. R1 is either acetyl (BChl) or vinyl (Chl). Note, that 
R3 (ethyl), R5 (carbomethoxy) and R4 (hydrogen) are identical in BChl and Chl.
The  carbonyl  groups  frequently  interact  with  the  surrounding  polypeptide  and/or 
neighbouring pigment. H-bonding to the acetyl carbonyl of BChls has been recognized to 
modulate the spectral and, although still disputed, redox properties of these molecules . 
The H-bonding to the C131 keto carbonyl at the isocyclic ring, which is common to all Chls 
and BChls, seems to be widespread  but appears to have less or no effects on their 
electronic properties . The PS I, whose structure has been solved at 2.5  Å   comprises 
more than 10 TM subunits and contains nearly 100 Chl-pockets and thus constitutes a 
considerable data base for (B)Chl bindings studies. The majority of the polar groups of 
Chl, in particular the C131 keto carbonyl group, are likely to be H-bonded to polypeptide 
residues in close vicinity (see also in Chapter 3).
The ligation to the central  magnesium has long been recognized to be critical  for  the 
binding of  BChl  and thus the assembly of  BChl  protein  .  However,  only  recently,  the 
stereochemical  aspect  of  (B)Chl  ligation  has  been  recognised  in  (B)Chl  protein 
assemblies (Balaban 2003, Balaban 2005, Oba & Tamiaki 2002).
Usually, (B)Chl has 5 stereocenters, the two faces of (B)Chl are diastereotopicity distinct 
(figure 4.2). The sixth of the chiral centers is the Mg, which has, if attached to protein, as 
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fifth  ligand  an  amino  acid  side  chain.  Another  one  is  the  17-propionyl  side  chain 
connecting the phytol moiety to the macrocycle. Therefore, (B)Chl has an up and down 
face and depending on the positioning of the liganding residue relative to the (B)Chl face, 
the ligation is called  α- or  β-ligation. If the amino acid ligand and the 17–propionic acid 
phytol ester are positioned on the same side of the (B)Chl macrocycle, the ligation is of 
the β-type and if they are on opposite sides, the ligation is of the α-type (figure 4.2).
Figure 4.2: The diastereotopic α-and β-ligation of tetrapyrroles. Asterisks denote chiral centers 
(Balaban 2005).
The two possible geometries lead to diastereomers which should have different chemical 
and  physical  properties.  The β-ligation  is  energetic  unfavourable  in  comparison  to  α-
ligation (Balaban 2003). The α-ligation was estimated to be 4.3 kJ/mol more stable than 
the  β-ligation  (Oba  &  Tamiaki  2002).  Additionally,  in  the  absence  of  any  ligand  or 
oligomerization, a water molecule remains tightly bound to BChl. This H2O molecule has 
been encountered  in  the  α-orientation  only  (Balaban  2005). The  α-ligated  (B)Chl  are 
generally  much  more  abundant  in  photosynthethic  complexes  compared  to  β-ligated 
(B)Chl (Balaban 2003, Balaban 2005). In PS I, for example, there are 96 Chls, and only 
14  of  them  are  ligated  in  β-position.  In  PS  I,  all  the  Chl  ligands  have  been  strictly 
conserved during evolution within different species, and the incorporation of the Chl in the 
protein matrix is a highly conserved process which does not occurs randomly (Balaban 
2003), . In LHCII of green plants, there are 8 Chls a and 6 Chls b, and only 2 and 1 are in 
β-coordination,  respectively.  It  has  been  noted  that  the  β-coordination  occupies  key 
positions  for  the  excitation  energy  transfer  and  also  could  quench  their  triplet  states 
efficiently (Oba & Tamiaki 2002, Balaban 2005). It has been speculated that the β-ligation 
is correlated with strong excitonic interactions leading to the most red shifted pigments 
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and thus favouring the ET to either neighbouring complexes or directly to the special pair 
of (B)Chls within RC (Balaban 2003, Balaban 2005). This however has not been verified 
by experimental studies.  The role of the diastereotopic distinct ligation of (B)Chls thus 
remains to be substantiated.
In LH2 there two BChl-B850 are ligated in β-position, and the BChl-B800 is ligated in α-
position.  Thus,  the LH2 from  Rb. sphaeroides may serve as  a  model  system for  the 
elucidation of the role of stereochemical ligation of (B)Chl. The aim of the work described 
in this chapter has been to further explore this role by
• site-directed mutagenesis of the residues interacting with the β-ligated BChl-B850 
in the TM proteins of LH2 from  Rb. sphaeroides, and subsequent spectroscopic 
and structural characterization of these mutants;
• substantiating  the  mutagenetic  work  by  statistical  analysis  of  BChl-protein 
interactions, in particular, of α-and β-ligated Chl, in PS I and PS II.
4.2 Results and discussion
4.2.1 Disruption of the H-bond in LH2 αWTS-4/G 
In  the peripheral  antenna of  Rb. sphaeroides, there  are three  BChl,  two of  them are 
ligated in β-ligation, and these are the BChl-B850, whereas the BChl-B800 is ligated in the 
α-position (figure 4.3).
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Figure 4.3: The β-ligated BChl-B850 and the TM helices. View of the β-ligated BChl-B850 and 
their binding helices in the LH2 high resolution structure of  Rps. acidophila. The ligation to the 
central magnesium and putative H-bonds are indicated by lines.
It  has previously been shown that  the C131 keto carbonyl  group of β-BChl-B850 is H-
bonded to the hydroxyl group of the serine -4 of the α-subunit (figures 3.11, 3.12, chapter 
3). To study the impact of this H-bond on the assembly of LH2, the serine at position - 4 
has been replaced by glycine. Glycine is the smallest amino acid and its side chain is a 
single hydrogen atom. This mutation removes the side chain in the close vicinity of the 
C131 oxo of the β-BChl-B850 and should thus effectively disrupt the H-bond to the serine 
-4.
Figure 4.4: H-bonding in peripheral antenna LH2. A. Detail of the H-bond between the C131 oxo 
of  the  β-ligated  BChl-B850  and  the  OH  group  of  serine  -4  in  the  modelled  structure  of  Rb. 
sphaeroides (chapter 3). The distance between serine and C131 is 2.65 Å and the angle is 91.2°. 
B. Amino acid sequences of α -TMH. The histidine is red and the residues mutated in this work are 
underlined.
The assembly of the LH2 complex may be monitored directly by absorption spectroscopy, 
because significant spectral alterations accompany the BChl-BChl and BChl-polypeptide 
association in this complex (figure 4.5).  Most  prominent  of  the typical  LH2 absorption 
spectrum are the red-shifted NIR absorption bands at ~ 850 and 800 nm of the BChl-B850 
and BChl-B800. In organic solvent BChl, when free of interactions with other pigments 
and/or protein, absorbs at ~ 770 nm. The in situ spectra of LH2 αWTS-4/G as compared to 
LH2 WT are shown in figure 4.5. The substitution of  α-serine at position -4 with glycine 
results in significant reduction of the absorption bands at ~850 and ~800 nm relative to the 
absorption  band  at  ~760  nm.  This  indicates  that  the  free  BChl  accumulates  in  cells 
expressing LH2 αWTS-4/G due to either significant disturbance in the association of LH2 or 
the enhanced disintegration of already assembled LH2 complexes.
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Figure 4.5: In situ absorption spectra of LH2 WT (black) and LH2 αWTS-4/G (red). The spectra 
are taken of Rb. sphaeroides colonies directly on growth plates.
In addition, it has been observed that LH2 in LH2 αWTS-4/G is expressed only transiently. In 
cells expressing LH2 WT, the assembled complex is detected during 10 days minimum, 
whereas in the cells expressing LH2 αWTS-4/G, assembled complexes are observed only at 
the onset of growth but are absent from the cells beyond day two (figure 4.6). In addition, 
only ~ 5% of the colonies examined expressed LH2 αWTS-4/G complex.
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Figure 4.6:  Number of  colonies expressing LH2  αWTS-4/G  (red)  in comparison to LH2 WT 
(black) over time. The square indicates the absorption bands at ~ 760 nm and the stars the band 
at ~ 850 nm (see text for further details).
This is  further  supported by directly  quantifying the amount  of  assembled LH2 in  the 
membrane. Quantification of total protein content  versus LH2 content in the membrane 
indicates that the ratio of total protein to LH2 (as judged by the 850 content) is 10:2 for WT 
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LH2 and 10:0.5 for LH2 αWTS-4/G (table 4.1). Thus, LH2 WT seems to be approximately 
four  times  more  abundant  in  the  membranes  than  LH2  αWTS-4/G.  This  directly 
demonstrates that the replacement of serine with glycine results in reduced amounts of 
LH2 in the mutant cells. Moreover, the in situ absorption spectra in which the ratio of the 
760/850 bands is increased, as well as the significantly shorter time span of LH2 αWTS-4/G 
expression support this finding.
LH2 WT LH2 αWTS-4/G
OD850 1.91 1.43
LH2 (g/l) 0.096 0.0714
Total protein (g/l) 0.495 1.529
LH2 content (% of total 
protein)
19 4.7
Table 4.1: Quantification of LH2 of LH2 WT and LH2 αWTS-4/G in membranes. For the estimation 
of LH2 protein content, the extinction coefficient of BChl-B850 is taken 120 mM -1 cm-1  (Clayton & 
Clayton 1981a) and 6000 kDa is taken as approximate MW for both subunits. The protein in the 
membrane is determined by using BCATM kit (material and methods).
To test  whether  the replacement  by glycine  per  se leads  to  assembly problems,  two 
additional residues were replaced by glycine. One of them is α-valine +3, which is in close 
contact with both the  α- and  β-BChl-B850 in the modelled structure of  Rb. sphaeroides 
and also in the crystal structure of Rps. acidophila . In particular, it has contact with in C82 
of the ethyl group at the B ring of α-BChl-B850 and with C8, C9 and C10 of β-BChl-B850 
(figure 4.7). However, it is unlikely that valine participates in H-bonding, as valine does not 
have side chain groups which are likely to partake in strong H-bonding.
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Figure 4.7: Details of the contacts between BChls and α-valine at position +3. Depicted are 
the contacts to atoms are within a radius of ≤ 5Å in the modelled structure of Rb. sphaeroides as 
indicated by dotted lines.
The  in situ absorption spectrum of LH2  αWTV+3/G has the typical BChl-B850 and BChl-
B800 absorption bands with maxima at ~ 850 and ~ 800 nm. A blue shift (from 850 to 845 
nm) in  the absorption band indicates some slight  structural  rearrangements  in LH2  α
WTV+3/G. There is also a band at ~ 760 nm, indicating that the assembly of this mutant is 
somewhat impaired (figure 4.8).
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Figure 4.8: In situ absorption spectra of LH2 WT (black), LH2 αWTL+4/G (green), LH2 αWTV+3/G, 
(blue) and LH2 αWTS-4/G (red). The spectra are taken of Rb. sphaeroides colonies directly on the 
growth plates LH2.
The other residue which has been tested by glycine scanning mutagenesis is the leucine 
at position +4, which is strictly conserved in the LH2-α (figure 3.4, chapter 3) however has 
no contacts with the dimer BChl-B850. The absorption spectrum of LH2 αWTL+4/G has two 
NIR absorption bands, typical for LH2 spectra, whereas the band at ~760 nm is entirely 
absent (figure 4.8). The packing values estimated are very different for glycine and valine 
(0.57  versus 0.49) as well as leucine (0.57  versus 0.47) at membrane embedded helix-
helix interfaces, whereas they are rather similar for glycine and serine (0.57 versus 0.55) . 
The altered packing values may thus account for the minor destabilization of the LH2 α
WTV+3/G which closely interacts with BChl-B850.
In addition, glycine has been shown to be destabilizing when placed within the last  5 
residues of a TM helix . Both, valine and leucine at position 3 and 4, respectively, are 
positioned close to the C-terminal end of the α-TMH, in contrast to serine at position -4, 
which is close to the helix core. The glycine residues at positions +3 and +4 could thus 
entail multiple destabilizing affects unlikely to arise at position -4.
Nevertheless,  replacement  of  serine  with  glycine  has  major  effects  on  the  stable 
expression of the LH2 pointing at the importance of the H-bond to the BChl-B850, which is 
ligated  to  BChl  in  the  β-position.  Taken  together,  these  data  indicate  that  the  stable 
assembly  of  the  antenna complexes  is  significantly  impaired  by  the  disruption  of  the 
H-bond to the BChl-B850, which is ligated to BChl in the β-position.
The H-bonding interaction state of the BChl of LH2 WT and LH2 αWTS-4/G has been further 
explored by RR spectroscopy. For a detailed discussion of the LH2 Raman spectrum of 
LH2 (figure  3.12,  chapter  3).  Here  the  interaction  state  of  the  C131 keto  carbonyl  is 
examined to further understand the role of β-ligated BChl in pigment-protein interactions. 
In figure 4.9, the resonance Raman spectrum of LH2 WT in comparison to LH2 αWTS-4/G is 
shown. The main change in the spectrum of LH2 αWTS-4/G is the considerable up-shift of 
the 1651cm-1 band to ~1674 cm-1, indicating that the H-bond to the C131 keto carbonyl has 
been disrupted or significantly weakened.
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Figure 4.9: RR spectra of LH2 WT and LH2 αWTS-4/G. The arrow indicates the band at 1651cm-1.
This value (1674 cm-1) is still somewhat up-shifted as compared to the expected stretching 
frequency  value  of  a  free  keto  carbonyl  group  (1680  cm-1).  This  may  be  due  to  a 
particularly  polar  environment  around  the  keto  carbonyl  provided,  for  instance,  by 
proximity of the imidazole ring of the histidine at position 0 of the β polypeptide . It is of 
note that, upon mutate serine to glycine a clear but minor component appears at 1655 cm-
1 as a shoulder to the large 1674 cm-1 band. This component is also present in the spectra 
of the mutant LH2 αWTS-4/A (figure 3.12, chapter 3), although less visible because of the 
larger shift of the 1651 cm-1. The intensity of this smaller component is ~ 10% of that of 
the main C=O stretching band. The origin of this minor component is unclear, and it could 
suggest some heterogeneity in the sample.  However,  it  is not  uncommon that  such a 
minor component is found in the resonance Raman spectrum of bacterial light harvesting 
complexes. In LH1 WT, isolated or in the membrane, a small component at ~ 1680 cm-1 
has been described, although all of the stretching modes from the four groups of the two 
unequivalent BChls have been attributed in these complexes. These smaller components 
could be the molecular reflect of the intrinsic disorder in the LH structure, which, in the 
case of LH2, might result in the breathing of the H-bond in these complexes (1655 cm -1 is 
the expected frequency for free-from-interaction acetyl carbonyl groups). In any case, the 
resonance Raman spectrum shows that the H-bond in the mutant LH2 αWTS-4/A is strongly 
altered or disrupted.
4.2.2 Thermal stability of the LH2 αWTS-4/G complex
To examine the contribution of  the H-bond between the serine -4  and the C131 keto 
carbonyl group of β-BChl-B850 to the structural stability of LH2, the thermal stability of the 
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LH2 αWTS-4/G has been determined by monitoring the CD signal of the BChl-B850 during 
heat  denaturation.  The  cooperative  thermal  unfolding  of  LH2  complex  is  recorded  of 
purified membranes and isolated complexes (figure 4.10).
Figure 4.10: Thermal denaturation of LH2 WT (black) and LH2 αWTS-4/G (red). The changes of 
the CD signal at  845 nm during heating in membranes (A) and in isolated complexes (B).The 
arrows indicates the Tm.
The thermal stability of LH2  αWTS-4/G as compared with LH2 WT is clearly reduced in 
membrane  and  detergent  (figure  4.10).  Interestingly,  the  denaturation  in  native 
membranes covers a much wider  temperature  range in comparison to the process in 
detergent. In the membranes, the loss of BChl-B850 signal is accelerated for LH2 αWTS-
4/G in particular at higher temperatures. This indicates changes in the unfolding pathways 
and/or denaturation rates in the mutant . Possibly, the rate of dissociation of BChl from the 
apoproteins  is  accelerated  in  LH2  αWTS-4/G,  resulting  in  the  altered  cooperativity. 
Curiously,  model LH2, in which the BChl-B850 binding site has been redesigned, also 
shows  changed  cooperativity.  In  this  model  LH2  most  native  contacts  at  the  BChl-
B850/protein interface have been reduced or eliminated and thus, the BChl are likely to be 
only weakly attached (figure 3.10 Chapter 3).  In detergent,  the difference in structural 
stability between LH2 αWTS-4/G and LH2 WT is even more pronounced. The Tm of LH2 WT 
(~ 76 °C) is approximately 20 °C higher than the Tm LH2 αWTS-4/G, (~ 55 °C). The major 
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difference in stability of the isolated complexes suggests that the decrease in structural 
stability is not related to changes in the membrane lipid composition or the protein/lipid 
ratio.
The acceleration of the decay of the CD signal and the shift of lower temperatures in LH2 
αWTS-4/G in comparison with LH2 WT shows that the removal of the H-bond results in an 
inherently less stable complex.  If,  a priori,  also less complex is assembled cannot be 
excluded at this point. The formation of H-bonds is energetically more favourable in the 
hydrophobic interior of the lipid bilayer than in a hydrophilic milieu, because of the low 
effective  dielectric  environment  of  the  lipids.  This  has  also  been  demonstrated 
experimentally  by  comparison  to  the  formation  of  intramolecular  H-bonding  of  model 
compounds  in  Me2SO  and  water  (Shan  &  Herschlag  1996).  Nevertheless,  additional 
effects such as packing defects could contribute to the significantly impaired assembly of 
LH2 in the membrane. In any case, the acceleration of the decay in the CD signal and the 
shift  to lower  temperatures in LH2  αWTS-4/G in comparison to LH2 WT shows that  the 
removal of the H-bond results in an inherently less stable complex.
The H-bonding motif involves BChls that are ligated in the β-position by a ligand attached 
to one TM helix and are H-bonded to residues from another adjacent helix. Thus, in LH2, 
the H-bond to the β-ligated BChl-B850 knots the two helices to another one. Only in the β-
ligation state, the C131 keto carbonyl groups are facing away from the binding helices and 
thus are available for interhelical interactions. Therefore, (B)Chl molecules that are ligated 
in the β-position are likely to have a key structural impact, particularly on the packing of 
(B)Chl/helix associates with each other. Situated at a critical position,  e.g. the interface 
between two subunits as in the oligomeric LH2 makes the H-bonding motif a key factor in 
the stable assembly of this BChl-proteins.
4.2.3 Statistical  analysis  of  (B)Chl-protein interactions depending on 
the Chl ligation state
To explore whether the H-bonding motif involving the β-ligated (B)Chl is more widespread, 
a statistical analysis has been performed of the high resolution structures of PS I  and PS 
II . The pigment in these PS is primarily Chl a, which has a structure very similar to BChl 
a, of the LH2 (figure 4.1). In particular ring C and E including the C13 substituents are 
identical  in  the  two  molecules.  In  reconstitution  studies  it  has  been  shown  Chl  may 
perfectly well replace BChl in LH2 . In these studies, however, it has been concluded that 
the C13 substituents which are identical in BChl and Chl may not be modified and thus 
have a critical role in stabilizing the binding of (B)Chl (Scheer & Hartwich 1995).
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In PS I, there are 96 Chl a and only 14 of them are ligated in β-position (Oba & Tamiaki 
2002,  Balaban 2003).  Thus,  PS I  constitutes  a  useful  system to  analyse  the  binding 
pockets of the Chl, and, particularly, the role of the stereochemistry in Chl binding. The 
Chls bindings pockets have been analysed for the interactions of  α− and β− ligated Chl 
and their immediate protein environment within a radius ≤ 4 Å. The contacts (defined as 
atoms within a radius ≤ 4 Å) between the apropoteins and the α- and β-ligated are similar 
at  the first  sight  (figure 4.11A and C).  (i)  The major  numbers of  contacts occur  most 
frequently with the long substituents of the Chl macrocycle, particularly, in the rings B, C, 
and E. Of these, the C133 methoxy, the C131 and the C13 C=O groups and the methyl 
group of  C12 have the highest  number of  contacts to  the apoprotein  of  the PS I.  (ii) 
Relatively  infrequent  are  the  contacts  with  the  ring  D,  the  atoms  that  make  up  the 
tetrapyrrole rings, and methane bridges. (iii)  The distribution of the amino acids at the 
contact points is also similar for α and β-ligated Chl; the histidine residues are frequently 
close to the nitrogen atoms (bind the central Mg atom). Notably, the aromatic residue, 
phenylalanine, is often found to be close to Chl, in particular, around atoms that have little 
contact  to  histidine  residues.  Next  to  them,  the  aliphatic  residues,  alanine  and  the 
aromatic residues, tyrosine and tryptophan, make up most of the contact to the Chl in the 
binding pockets of PS I. Polar residues are also present to a lesser extent, and rarely, 
charged amino acid are close to the Chls (figure 4.11A and C).
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Figure  4.11:  Analysis  of  the  Chl  protein  contacts  in  PSI.  Contacts  to  the  proteinaceous 
environment, excluding contacts to binding helices, are show for  β-ligated Chls (A) and α-ligated 
Chls (C). Contacts between residues of the binding-helices and the Chl atoms only are shown for 
β-ligated Chls  (B)  and  α-ligated Chls  (D).  The binding  helices  are  defined as the  helices  that 
provide the ligand for the central magnesium atom. The colour coding is His (brown), Phe (red), Trp 
and Tyr (orange),  Gly and Pro (white),  polar (light blue),  charged (dark blue)  and the aliphatic 
residues (grey). The blue square enfolds the contacts to the atoms of the ring E.
There are major differences in the interaction of the two diastereotopic form with  their 
binding helices i.e. the helices that carry the ligating residue to the Mg of the Chl; (figures 
4.11B and D). The major differences in interaction patterns are observed at the ring E and 
their subsituents. In the case of  β-ligated Chl (figure 4.11B), there exist very few close 
contacts  between the  residues of  the helices  and the  atoms of  the  ring  D of  Chl.  In 
particular, no contacts are observed between the keto carbonyl and methoxy groups of 
the C133 and C131 of the β-ligated Chls and atoms of surrounding polypeptide. In contrast, 
contacts between the α-ligated Chl and these atoms, C133 and C131, and also C134, are 
very frequently observed. Additional differences in the Chl-binding sites are observed for 
the atoms of ring D and the initial C atoms of the 17-propionic phytol (figure 4.11D). In the 
case  of  the  α-ligated  Chl,  contacts  are  conspicuously  low.  These  findings  show that 
significant  differences  exist  between  the  binding  pockets  of  Chls,  depending  on  the 
ligation state. The C13 substituents of Chls ligated in the α-position are facing the binding 
helix,  and  thus,  they  are  often  in  close  contact  with  residues  of  these  helices.  The 
substituents of Chls ligated in β-position, however, face to the opposite side and are not in 
contact with the binding helix. Nevertheless there are a substantial number of contacts 
between  the  C13  substituents  of  the  Chls  ligated  in  the  β-position  and  the  protein 
environment as shown in figure 4.11A.
H-bonding between the C131 oxo of β-ligated Chl and protein residues of PS I and II of are 
shown in the table 4.2. Remarkably, in the case of the C131 oxo from β-ligated Chl, almost 
every contact with the surrounding residues is identified as H-bonding interactions (~ 83 
%).  The  majority  of  H-bonds  are  with  neighboring  helices  and  even  the  neighboring 
subunits majority of H-bond observed in the β-ligated Chl occur with neighboring residues 
which amount to 44% in PS I and 57% in PS II. Most of these H-bonds are thus with the 
neighboring helices and even the helices of neighboring subunits. The remaining C131 
oxo atoms of the Chls ligated β-position are in close contact with other Chl and residues 
located in loop structures. Remarkably, the bindings of the C131 oxo in the α-ligated Chl 
are significantly different. Most of contacts to the C131 oxo in the α-ligated (47% in PS I 
and 39% in  PS II)  are  to  residues  of  adjacent  loops  structures,  whereas  contacts  to 
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neighboring helices (10% PS I and 25% PS II) are less frequent, in particular to different 
subunits (3% in PS I and 7% in PS II).  Most importantly, of the contacts between the 
protein  and  the  α-ligated  Chl,  few are  identified  as  H-bond;  (i)  less  than  half  of  the 
contacts to the residues of the loops and binding helices in PS I, and (ii) less than 20% of 
the total contacts in PS II.
H-bonding to C131 oxo
Chl β Chl α
         PSI PSII PSI PSII
H-bond Contact H-bond Contact H-bond Contact H-bond Contact
Neighboring subunitsa
Neighboring helicesb
Binding helicesc
Loops, parallel helicesd
Neighboring pigment,
H20,etce
14
30
0
21
ND
14
36
0
21
29
14
43
0
0
ND
14
57
0
14
14
0
8
6
25
ND
3
10
14
47
26
0
4
7
7
ND
7
25
18
39
7
Table 4.2: H-bonding interactions of the Chl ligated in β- and α- positions in PS I and PS II: 
H-bonds and contacts of the Chl C131 oxo to polypeptide residues are listed as percentages of the 
total contacts. H-bonding interactions are identified by use of the graphics program WebLab View 
3.7. (a) H-bonds between Chl molecules which are ligated by their central Mg to one subunit and 
residues of another subunit (e.g. Chl is ligated to subunit A, the C131 group makes a H-bond to a 
residue of subunit J); (b) H-bonds between Chl which are ligated to one TM-helix and the residues 
of  neighbouring  TM  helices  (other  than  the  binding  helices  within  one  subunit);  (c)  H-bonds 
between Chl and residues of the binding helices;(d) H-bonds between Chl and residues from loop 
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structures (including helices parallel to the membrane); (e) H-bonds between Chl and neighbouring 
Chl or Cars (contacts to Chl are only included if no contacts to polypeptide are present).
Consequently, the statistical analyses of PS I and PS II suggests that the binding pockets 
of  the  two Chl  ligation forms are  clearly  distinct:  for  α-ligated  Chl,  the  C131 oxo are 
observed  to  be  in  close  vicinity  of  loops  structures  and  the  helices  carrying  the 
magnesium ligand as well  as adjacent helices. Considerable percentage of  H-bonding 
interactions, however, are only found to loops structures in PS I. In contrast, the C131 oxo 
of the Chls ligated in the β-position are predominantly in close contact with neighbouring 
helices and these are large identified as H-bond. It appears thus that the C=O groups of 
β-ligated Chls mediate interactions between adjacent helices, likely critically contributing 
to their packing and assembly.
4.3 Conclusions
The important role of H-bonding between (B)Chl ligated in the β-position and polypeptide 
for  the  assembly  of  (B)Chl-protein  is  demonstrated  by  site  direct  mutagenesis  of  the 
residue partaking in the H-bond. The disruption of the H-bond as evidenced by resonance 
Raman spectroscopy has a significant impact on (i) the stable expression of LH2 in the 
membrane and (ii) the structural stability of the LH2 complex. The decrease in the thermal 
stability is much more pronounced in the detergent as compared to the native membrane, 
indicating that the lipid environment elevates the resistance of the mutant LH2 complex 
against heat induced denaturation.
The statistical analysis of the PS I and II (figure 4.11, table 4.2) further support the finding 
that the β-ligated (B)Chls play a structural role in (B)Chl-proteins. It is found that the Chl 
ligated in the β-position in contrast to Chl ligated in the α-position are frequently involved 
in H-bonding interactions with the adjacent helices even of neighbouring subunits.
The H-bonding motif characterised in this work involves (B)Chl that are ligated in the β-
position by a ligand attached to one TM helix and are H-bonded to residues from adjacent 
helices. In the β-ligation state, the polar keto carbonyl and methoxy groups at the ring E 
point away from the binding helices and thus are available for tertiary interactions with 
structural  elements  other  than  their  immediate  binding  helices.  Therefore,  (B)Chl 
molecules that  are ligated in the b-position are likely to have a key structural  impact, 
particularly, on the packing of (B)Chl/helix associates with each other. Situated at a critical 
position, such as the interface between two subunits, as in the oligomeric LH2 makes this 
motif a key factor in the stable assembly of this BChl-protein.
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 CHAPTER 5 
Identification of critical factors for binding and 
functional modulation of carotenoids
5.1 Introduction
Cars are familiar to all of us, foremost through the orange-red and yellow colours of many 
foods like oranges, tomatoes, and carrots, and the yellow colours of many flowers. Cars 
occur widely in bacteria, fungi and algae, where they can be useful taxonomic markers. 
Some animals also use Cars for coloration, especially birds (yellow and red feathers), fish 
(gold fish and salmon), and a wide variety of invertebrate animals, where interaction with 
protein may modify their colour to blue, green or purple. They are also added as colorants 
to  many  manufactured  foods,  drinks  and  animal  feeds,  either  in  the  form  of  natural 
extracts (e.g. annatto) or as pure compounds manufactured by chemical synthesis. The 
production of Cars by biotechnology is of increasing interest. In seaweed it already runs to 
hundreds of million tons per year.
Current Car research encompasses a wide variety of fields and interests including plant 
physiology, food science, environmental science, taxonomy, industrial chemical synthesis, 
biotechnology and medical  research.  Cars are important factors in human health.  The 
essential role of β-carotene and others as the main dietary source of vitamin A has been 
known for many years. More recently, protective effects of Cars against serious disorders 
such as cancer, heart disease, and degenerative eye disease have been recognized, and 
have stimulated intensive research into the role of Cars as antioxidants and as regulators 
of the immune response system.
Cars are, along with Chls, the most abundant pigment found in nature. They are present 
in  most  organisms  including  humans,  but  can  be  synthesized  only  by  plants  and 
microorganisms. Cars are divided into two classes,  the hydrocarbons (carotenes)  and 
their oxygenated derivates (xanthophylls).  Both classes are, generally,  made up of 40, 
sometimes to ± 10 carbons, which are composed of 7-8 isoprenoid units. They are joined 
in such a manner that the arrangement of isoprenoid units is reversed at the centre of the 
molecule so that the two central methyl groups are in a 1,6-position relationship and the 
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remaining non-terminal methyl groups are in 1, 5-positional relationship. Most of Cars may 
be formally derived from the acyclic C40H56 structure (figure 3.1A,B).
Figure 5.1: Structure and nomenclature of Car according to IUPAC. (A)  Carbon skeleton of 
acyclic C40H56; for convenience Car formulae are often written in a shorthand form as in  (B) for 
C40H56 and (C). The broken lines indicate formal division into isoprenoid units of C40H56. All specific 
names are based on this stem name.
The central structural pattern which is repeated in every Car is the polyene backbone. 
Various numbers of  alternating single and double bonds form a conjugated  π-electron 
system which is responsible for most of  the coloration and spectroscopic properties of 
Cars.  In  photosynthetic  bacteria,  the  polyene  chain  maybe  further  modified  by  five 
different pathways (1) hydrogenation, (2) dehydrogenation, (3) cyclization, (4) oxidation, 
(5) glycosylation or (6) any combination of these processes, (see for example  (Lang & 
Hunter 1994, Takaichi S 1999, Roszak et al. 2004)).
Principally  the Cars  have a  dual  role  in  LH systems:  (i)  they acts  as  photoprotective 
agents, preventing BChl from photodestructive reactions, by quenching of photosensitizer 
triplets, oxygen singlets and other radical species  and (ii) they harvest light by collecting 
energy in the green-blue spectral region (between 450 and 570 nm) where the BChl do 
not absorb efficiently, and transfer it to the neighbouring BChls from where it ultimately 
makes it is way to the RC.
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Figure 5.2: Roles of Cars in photosynthesis.  Cars play a dual role (i) photoprotection, and (ii) 
light harvesting in photosynthetic system (see text). The arrows indicate the direction of energy 
transfer. 
In  photosynthetic  proteins Cars  occur  in either  cis  or trans configuration.  It  has been 
proposed  that  the  two  isomers  have  different  properties  and  possibly  also  different 
functions. Apparently, all  the Cars, which function as LH pigments are found in all-trans 
configuration. In the RC of some photosynthetic bacteria, the Cars function exclusively in 
photoprotection, and are then found to be in cis-conformation only (Koyama & Fujii 1999, 
Koyama et al. 2004). Hitherto, there is only one exception to this rules, which has been 
observed  in  the  high  resolution  of  structure  of  LH2  from  Rps.  acidophila;  there  the 
existence of a second possible Car apparently in  cis-conformation has been proposed . 
The potential second Car was detected at the cytoplasmatic wall of the LH2 ring, placed 
on the outside of the complex between the β−polypeptides. It is still controversial whether 
there are one or two Car molecules,  because, the second Car has not been observed 
consistently and, in addition, appears to be in 15-cis configuration which has not been 
observed previously in light harvesting systems . However, this is still under dispute. In the 
very last works it has been concluded that the putative second Car in the crystal structure 
is not a Car but a detergent molecule .
Next to the photoprotective and light harvesting function, Cars play an important role in 
structural stabilization and assembly of the pigment-protein complexes. For instance, Cars 
have  been  shown  to  be  critical  for  the  proper  folding  of  LHC  proteins  . In  the 
photosynthetic  bacterium,  Rb. sphaeroides,  the absence of  Car molecules appears to 
inhibit the assembly of the peripheral antenna (LH2), but not that of the core (RC-LH1) 
complex (Jensen et al. 1958, Fuller & Anderson 1958). The absence of stable LH2 in cells 
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which lack Car has been interpreted by assuming that the assembly of LH2 requires the 
presence of the Car molecule. This, however, is still a matter of dispute. A Car-less Rb. 
sphaeroides mutant, R26, (Clayton & Smith 1960) entirely lacks LH2. This mutant has a 
tendency to  revert  to  the strain  R26.1,  containing a modified LH2 complex which still 
lacks, at least coloured, Car (Davidson & Cogdell 1981).
Until  now  little  is  known  about  Car  binding  in  the  photosynthetic  pigment-protein 
complexes.  Based on the photosynthetic high resolution structures, and the orange Car 
protein  (Kerfeld  2004),  it  has  been  suggested  that  Cars  are  bound  to  proteins  by 
hydrophobic  interactions  .  However,  non-specific  hydrophobic  interactions alone fail  to 
account for the fact that all Cars are specifically bonded in the pigment-protein complexes. 
Quantum chemical calculations suggest that intermolecular hydrogen bond interactions 
(C-H…O-C)  between  Car  and  the  BChl-B800  in  the  LH2  complex  may  take  place  . 
Analyses of high resolution structure (Wang & Hu 2002) suggest that aromatic residues 
play an important role in the binding of Cars and (B)Chl in hydrophobic proteins regions, 
because of the high occurrence of these residues in close vicinity of these pigments. It 
was  hypothesized  that  the  existence  of   π-π stacking  interactions  between  Cars  and 
aromatic  residues  are  critical  for  binding  of  Car  in  photosynthetic  pigment-protein 
complexes  .  However,  this  has  not  been  demonstrated  by  experimental  studies.  In 
bacterial RC, replacement of phenylalanine by leucine resulted in steric hindrance and 
blockage of the Car binding pocket . A phenylalanine residue has thus been shown to 
determine the topology of spheroidene in the RC by functioning as a gate for the Car. 
Systematic  mutations  of  the  aromatic  residues  surrounding  the  Car  in  bacterial  RC, 
however, did neither dramatically affect the binding nor the properties of the bound Car 
(Gall  et  al.  2004). The  role  of  aromatic  residues  in  Car  binding  thus  remains  to  be 
substantiated.
This chapter focuses on the exploration of the role of aromatic residues in binding of Car 
to LH2 complex. To achieve this goal;
• putative Car binding interactions, in particular, interactions with aromatic residues 
are identified in the modelled structure of  Rb. sphaeroides (chapter 1), based on 
the structure of Rps. acidophila ,
• a model LH protein is used in which the native contacts at the Car-protein interface 
have been reduced and the contribution of distinct aromatic amino acids to the 
binding of Car can be readily assessed,
• the  role  of  identified  aromatic  residues  at  the  Car/protein  interface  is  further 
explored in WT sequence context by mutagenesis of the LH2 complexes from Rb. 
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sphaeroides,  and  subsequent  spectroscopic,  chromatographic  and  thermal 
denaturation analyses 
• the mutagenetic approach is complemented by statistical analyses of Car binding 
pockets in photosystems I and II
5.2. Results and Discussion
5.2.1  Modelling  of  the  Car-protein  interface  in  LH2  from  Rb. 
sphaeroides
To identify putative residues which interact with Car in LH2, a model structure of LH2 from 
Rb. sphaeroides has been constructed as described in chapter 3. This is based on the 
backbone structure of  Rps. acidophila. In essence, the backbone of the model structure 
has not altered, while the side chain conformations were optimised at positions where 
“mutations” took place. In this model structure, however, the Car and BChl positions and 
structural  conformations  are  not  changed,  because  no  force  field  of  the  pigments  is 
available (Linnanto et al. 2004, Palencar 2005). The Car, rhodophin glucoside, in the LH2 
from Rps. acidophila  is very similar to the Cars, SE and SO in  Rb. sphaeroides  (figure 
5.3). In particular, the long central chain of isoprenoid units is very similar however; the 
number of conjugated double bonds may vary.
Figure 5.3: Structure of major Cars in Rps. acidophila and Rb. sphaeroides: The red square 
highlights the distinct headgroup regions. Note the difference in double bond location between SO, 
SE and rhodopine glucoside.
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In figure 5.4 the residues of the α−TMH are depicted that are in close vicinity (within a 
radius of 5 Å) of the Car in the model LH2 structure of Rb. sphaeroides. These residues 
are  F(-12),  L(-11),  A(-6),  V(-2),  I(-1)  and  A(+2)  (figure  5.4A).  In  the  high  resolution 
structure of  Rps. acidophila,  there are seven residues which are found to be in close 
contact with rhodopin glucoside. These are F(-12), L(-11), V(-6), I(-5), V(-2), I(-1) and A 
(+2). Contacts exits also with residues of  α-subunit of the neighbouring helix, these are 
A(-4), I(-3), H(0) and L(+1).
The Car-protein interface has been explored in the model structure in comparison to the 
structure of  Rps.  acidophila.  The interface between the two structures  is  very similar, 
except for the residue at position -5, which is in contact only in the  Rps. acidophila. In 
Rps. acidophila the residue is the long aliphatic isoleucine while in Rb. sphaeroides it is 
the relative small alanine.
Figure 5.4: Car/protein interface in LH2  α-subunits. (A).  AA sequence of TM helix of  Rb. 
sphaeroides and (B) of TM helix of Rps. acidophila. The amino acids which interact with Car at 
a distance of ≤ 5 Å are shown in orange for Rb. sphaeroides and in yellow for Rps. acidophila.
This is readily explained by the similar polyene chains which predominantly interact with 
the TM helices of the LH2. Thus, the interface of the two structures appear closely similar. 
This suggests that the structure may be used as a first approximation for the exploration 
of the Car-protein interface.
As described in chapter 3, model TM sequences inserted into LH2 in place of the native 
ones can be employed to study cofactor-binding and assembly. Here, this approach has 
been used to study the factors of Car binding in LH2. To that end the model LH2 protein 
(chapter 3) is further modified. At the N-terminus of the TM helix of the α-subunit in the 
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model protein LH2 αAL16/S-4 serine at position -10 is replaced by alanine and particularly, 
the aromatic residue, phenylalanine at position -12 is replaced by leucine resulting in LH2 
αAL20/S-4 (figure 5.5).
Figure 5.5: Model TM helix of  α-subunit LH2  αAL20/S-4.: (A) AA sequence of model helix. WT 
sequence is shown in black and the model sequence in orange. New residues replacing F(-12) and 
S(-10) are marked by an asterisks. (B) Detailed view of the modelled structure of Rb. sphaeroides, 
αβ subunits (purple), BChl-B850 (green), BChl-B800 (turquoise), and Car (orange). Note, that only 
the F(-12) is in close vicinity (≤ 4 Å) of the Car.
5.2.2 Study of Car binding in model LH2 αAL20/S-4
In the model complex LH2 αAL16/S-4, with serine -10 and, particularly, phenylalanine -12 in 
the TMH: (i) the BChl-B800 band is slightly reduced and (ii) the Car signal is somewhat 
altered (Chapter 3). The in situ absorption spectra of LH2 αAL20/S-4 compared to LH2 WT 
is, however, distinctively different. The BChl-B800 band is nearly lost, and the absorption 
band of BChl-B850 is red-shifted in comparison to LH2 WT (figure 5.6, inset).
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Figure 5.6: Optical spectra of LH2 WT (black) and LH2  αAL20/S-4 (orange). The spectra are 
normalised  at  the  maximum  absorption  of  the  Qy of  BChl-B850.  The  inset  shows  the  in  situ 
absorption spectra of LH2 WT and  LH2  αAL20/S-4 taken of  Rb. sphaeroides  colonies. The arrows 
point at the spectral changes.
In  the  absorption  spectra  of  purified  membranes  of  LH2  αAL20/S-4 (figure  5.6),  the 
absorption band of BChl-B850 is ~8 nm red-shifted, and the BChl-B800 band is replaced 
by a minor slightly blue shifted band at ~793 nm. This band may originate either from 
BChl-B800 that should be structurally altered or from the high exciton component of BChl-
B850 or a combination of the two . In addition, there is a reduction absorption of region of 
the Car at 450-550 nm. The absorption spectrum in the 450-550 nm range, is typical for 
SO, the major Car of  LH2 grown under semi-aerobic conditions (Shneour et  al  1962, 
Cogdell & Crofts 1978, Yeliseev & Kaplan 1997). The changes in the absorption spectra 
indicate either  significant  structural  rearrangement  of  the pigments in LH2  αAL20/S-4,  in 
particular, of the BChl–B800 and the Car sites or the substantial loss of BChl-B800 and 
Car molecules from the complex. This absorption range is already significantly affected by 
scattering effects and should thus be treated with care. Nevertheless, in LH2 αAL20/S-4, the 
red-shift from ~760 nm  which is typical for “free” monomeric BChl (i.e. BChl that is not 
(tightly) bound to polypeptides and not assembled into pigment-protein complexes) to ~ 
860 nm is  entirely retained.  This suggests that  formation of  the BChl-B850 is entirely 
supported by the alanine-leucine sequence in the model LH2 αAL20/S-4 complexes, which 
replaces the entire TMH of the α-subunit.
This is also obvious from the CD spectra of LH2 αAL20/S-4 (figure 5.7). As BChl-BChl and 
Car-Car couplings, as well as Car-protein couplings mainly contribute to the typical CD-
signal  (Cogdell  &  Scheer  1985,  Braun  &  Scherz  1991,  Koolhaas  et  al.  1998, 
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Georgakopoulou et al. 2004), it is agreed that its exact shape serves as a fingerprint for 
the  BChl  and  Car  arrangement  in  the  LH2  complex.  The  various  intermolecular 
interactions experienced by the Car molecule makes it  adopt a semi-helical  structure, 
when viewed along its long axis. The twisted conformation is presumably responsible for 
the observed intense CD signal as compared with unbound Car .
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Figure 5.7: CD spectra of LH2 WT (black) and LH2 αAL20/S-4 (orange). The CD spectra are taken 
of purified membrane preparations. The arrows indicate the changes between the spectra.
As shown in figure 5.8, the semi-conservative, S-shaped CD signal of the BChl-B850 is 
largely retained in LH2 αAL20/S-4. It has two bands, a positive one with extreme at ~ 850 
nm (850 nm in LH2 WT), and a negative one with extrema at  ~ 876 nm (~ 867 in LH2 
WT). Thus it is similar to the one of LH2 WT except for the red-shift. Conspicuously, there 
is  a  clear  negative  through  with  minimum  at  ~785  nm  even  though  the  BChl-B800 
absorption band is  nearly  absent.  In  comparison to  LH2 WT, the signal  is  somewhat 
reduced and shifted to the blue (from 792 to 785 nm).  A CD signal with  minimum at 
approximately 782 nm has been previously suggested by van Grondelle and co-workers 
to originate from the high excition component of the BChl-B850 (Koolhaas et al 1998). The 
CD signal of LH2 WT complexes with minimum at ~ 784 nm should thus be contributed by 
both the BChl-B800 and the high excition component of BChl-B850. In LH2 αAL20/S-4, the 
CD band in the region of BChl-B800 is reduced and blue shifted in comparison to LH2 WT 
reflecting loss of BChl-B800. The remaining signal may thus originate largely from the 
high  excition  component  of  BChl-B850.  The  CD signal  of  LH2  αAL20/S-4,  however,  is 
significantly altered in the range of the Cars (450–550 nm): there is a clear reduction in 
the signal amplitude and it is much broader. Moreover, the slightly negative signal at ~485 
nm is converted to a slightly positive one (figure. 5.7). The altered CD shape indicates an 
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altered interaction of the Car with surrounding polypeptide or/and pigment . In addition, 
the band at ~390 nm is positive in the mutant and negative in wild type. The CD in this 
range is too complex and as yet not clearly assigned. It maybe attributed by BChl-Car 
and/or Car-Car exciton coupling, or even to the Cyt bf6 complex  . Curiously, in the CD 
spectra of LH2 in R26.1 which is devoid of Car, there is a positive band at ~ 400 nm, 
which is negative in LH2 complexes with Cars. 
The reduction in CD intensity of the Car signal (450-550 nm) could be due to a reduction 
in Car, however,  the changes in the shape of the CD clearly indicate alteration in Car 
bindings. The shape and magnitude of the signal may be altered by changes in the Car 
conformation, Car-Car interactions or by deformations of the entire LH ring structures . 
The change in  the  shape of  the CD signal  (figure  5.7)  indicates  that  the interactions 
between the Car molecules and/or between Car and polypeptide have been altered in 
LH2 αAL20/S-4 as compared with LH2 WT. Nevertheless, alterations in the interaction of Car 
with  protein/pigments  should  not  significantly  affect  the  Car  absorption  bands.  The 
observed reduction in the Car absorption bands of  LH2  αAL20/S-4,  thus likely reflects a 
substantial loss of Car from the complex.
The excitation  spectra  (figure  5.8)  principally  show similar  features  as  the  absorption 
spectrum  when  detecting  fluorescence  emission  at  850  nm.  In  particular,  the  broad 
excitation band at 450-550 nm and the 800 nm excitation band show that ET takes place 
from the Car and BChl-B800 to BChl-B850. The broad absorption at 450-550 nm is typical 
for SO. In LH2 αAL20/S-4, the ET from the Cars is altered, as indicated by the slightly blue-
shifted bands (from ~ 516 nm in LH2 WT to ~ 505 nm in LH2 αAL20/S-4) and the decrease 
in Car contributions relative to the BChl molecules as judged by Qx-excitation band of the 
BChl molecules at ~ 600 nm.  Besides, the efficiency of ET from the Car to BChl-B850 
decreases in LH2 αAL20/S-4 to approximately 50% and ET from BChl-B800 to BChl-B850 is 
almost abolished (only 10% of activity). It has been shown previously that ET from Car 
proceeds both via the BChl-B800 and BChl-B850 in LH2 from Rb. sphaeroides (Polivka & 
Sundstroem 2004). As the efficiencies of the ET pathways, in particular, of the direct Car 
to BChl-B850 pathway are still a matter of dispute (Horvin Billsten et al. 2002, Polivka & 
Sundstrom 2004), the decrease in the amplitude of the Car excitation band could thus 
either reflect the loss in the ET due to the loss of B800-BChl , and/or the loss of Car from 
LH2.
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Figure  5.8:  Excitation  spectra  of  LH2  WT  (black)  and  LH2  αAL20/S-4 (orange)  of  purified 
membranes from Rb. sphaeroides DD13. The bands at ~800 nm arise from BChl-B800, at ~600 
nm from the Qx  transition of the BChl, and the bands at 450 to 550 nm arise from the Car. The 
fluorescence spectra are of purified membranes and are normalised to the Qx transition at ~600 
nm. Fluorescence emission is detected at 850 nm. The arrows indicate at the major changes in the 
spectra.
Taken together, the absorption, CD, and fluorescence spectra indicate that Car binding 
has been altered in LH2 αAL20/S-4. In order to further examine the binding and interaction of 
the pigments with polypeptide, RR spectroscopy has been employed. Figure 5.10 displays 
the room temperature Fourier transform (FT) RR spectra in the higher frequency region of 
LH2 WT and LH2  αAL20/S-4. By use of RR spectroscopy precise information on both the 
conformations  of  and  intermolecular  interactions  of  bacteriochlorins  may  be  obtained 
(Robert 1996, Näveke et al. 1997, Lapouge et al. 1999, Robert 1999). The frequencies of 
six bacteriochlorin Raman modes, denoted R1 to R6, were shown to be sensitive to the 
BChl  macrocycle  conformation   and  they  were  used  in  particular  to  establish  the 
conformations of the BChl molecules in LH proteins .
In  these  spectra  the  bands contributing  between 1620 and 1710 cm-1 arise  from the 
carbonyl stretching modes of the C3 acetyl and C131 keto carbonyl groups of the different 
BChl molecules bound to the LH2 complexes. In the WT spectrum (figure 5.9), the BChl 
molecules responsible for the 850 nm absorption of these complexes contribute at 1627, 
1632, 1651 and 1678 cm-1 , while the carbonyl stretching modes of the 800 nm absorbing 
BChl molecule are observed at 1626 and 1699 cm-1.
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Figure 5.9: RR spectra of WT LH2 (black), and LH2 αAL20/S-4 (orange). The arrows indicate the 
changes in Raman band of LH2 αAL20/S-4 in comparison to LH2 WT.
In the FT-Raman spectrum of LH2 αAL20/S-4 (figure 5.9), a number of changes is detected 
in comparison to the spectrum of LH2 WT. In particular, the bands of the BChl-B800 are 
altered, resulting in the loss of the band at 1697 cm-1 and a decrease of intensity around 
1628 cm-1. There are also changes related to the vibrational modes of BChl-B850; (i) the 
band at 1627 cm-1  is shifted, and (ii) the bands at 1634, 1653 and 1677 cm-1 are blue 
shifted to 1632, 1651 and 1670 cm-1 respectively (figure 3.12, chapter 3). This indicates 
some reorganization of the BChl-B850 molecules in their binding sites, and suggests that, 
in  addition  to  the  removal  of  the  BChl-B800,  there  are  changes  related  to  the  Cars 
molecules, which affect the exact BChl-B850-protein interactions .
Thus far, it has been shown that BChl-B800 is lost and that there are significant changes 
in the Car content and binding in  LH2  αAL20/S-4 by spectroscopic means. In the native 
membrane,  however,  scattering  effects  obscure  the  spectra.  In  addition,  Car  maybe 
attached to mutated LH2 and membranes in a non-specific way. To further analyse Car 
content and properties in the model complex, it has been isolated in detergent and also 
expressed in of Rb. sphaeroides mutant strain which contains NE instead of SE as major 
Car. This Car has well resolved absorption bands in the visible range.
The absorption spectra of the isolated complex of LH2 αAL20/S-4 are pronouncedly different 
as compared with the LH2 WT (figure 5.10A). There is (i) a red shift of the absorption 
maximum of the Qy transition (from 846 nm to 856 nm) of the BChl-B850, (ii) a reduction in 
the absorption bands of BChl-B800 and Cars and (iii) a blue shift of the Car absorption 
bands (from ~ 514 and ~ 490 nm to ~ 504 and ~ 482 nm respectively). Conspicuously, the 
spectral properties of LH2 αAL20/S-4 are very similar to the spectroscopical properties of the 
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Car-less mutant LH2 complex of Rb. sphaeroides R26.1 (figure 5.10A). As in the case of 
LH2 αAL20/S-4, in the Car-less LH2 complex, the loss of Car is accompanied by a red shift 
the absorption maximum of BChl-B850 from 850 nm to 860 nm and the entire loss of the 
BChl-B800 absorption band. As observed in membranes, the major peak of the Car is 
blue shifted in isolated LH2 αAL20/S-4 (figure 5.10A).
Figure  5.10:  Absorption  (A) and excitation  fluorescence (B)  spectra  of  isolated  LH2 WT 
(black), LH2 αAL20/S-4 (orange) and LH2 R26.1 (green). The optical spectra are normalised to the 
Qy transition of BChl-B850. The excitation spectra are normalised to the BChl Qx transition at 598 
nm. The fluorescence emission is detected at 850 nm. The spectra are taken of isolated complexes 
LH2. The arrows indicate the major changes between spectra.
In comparison to the fluorescence spectra of purified membranes of LH2 αAL20/S-4 (figure 
5.8),  the  reduction  in  ET  from  the  Car  and  BChl-B800  to  BChl-B850  is  even  more 
pronounced in LH2  αAL20/S-4,  isolated in detergent.  The ET from Cars to BChl-B850 is 
approximately 40% and the ET from BChl-B800 to BChl-B850 is absent. The blue shift of 
the major Car excitation band, from ~518 nm in LH2 WT to ~500 nm in LH2 αAL20/S-4 is 
clearly noticeable. The clear reduction in the Car absorption bands of  LH2  αAL20/S-4 in 
detergent  likely  reflects  a  substantial  loss  of  Car  from  the  complex.  This  is  further 
supported by the comparison of the absorption spectra of LH2 αAL20/S-4 to the spectra of 
Car-less  LH2  from  Rb.  sphaeroides R26.1  (figure  5.10A).  As  shown,  the  BChl-B800 
absorption band is absent,  the Qy-transition is shifted to ~ 860 nm and the absorption 
band of the Car is either absent (in Car-less LH2) or significantly reduced (in LH2 αAL20/S4) 
in these complexes. Upon isolation of the complex from the membrane, the ET from Car 
to BChl-B850 is even further reduced, possibly indicating further loss of Car from LH2 α
AL20/S-4 due to the detergent treatment (figure 5.10B). In addition, there is a similar shift in 
the maximum of the Qx band at ~600 nm in LH2 αAL20/S-4 and LH2 R26.1.
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To further  explore  the  spectral  changes  of  LH2  αAL20/S-4 in  comparison  to  LH2  WT, 
especially in the range of the Car, LH2 αAL20/S-4 has been expressed in Rb. sphaeroides 
strain DG2 (see material and methods) which has as major Car NE . LH2 complexes from 
the strain DG2 are particularly useful as its major Car, NE, does not lack the resolved 
vibrational bands as is the case for SO.
In figure 5.11A, the absorption spectra of purified membranes for LH2 WT and LH2  α
AL20/S-4 in  Rb. sphaeroides DG2 are shown. Principally,  the spectra of the mutant LH2 
show the  same changes as in Rb.  sphaeroides DD13;  the red  shift  of  the  maximum 
absorption band of BChl-B850 by ~ 10 nm, the loss of the band BChl-B800 absorption 
(see also in figure 5.8) the reduction in the range of the Car absorption and the blue shift 
of the Car absorption maxima. The major absorption bands of the NE are shifted by ~10 
nm. In LH2 WT the Car has maxima at ~ 479 nm, ~ 448 nm and ~ 431 nm and LH2 α
AL20/S-4 at ~ 490 nm, ~ 458 nm. One peak is not resolved and/or masked by the Soret 
band. In addition, the Qx of LH2 αAL20/S-4 is slightly blue shifted in comparison to LH2 WT 
(figure 5.11A).
The CD signal of LH2 αAL20/S-4 in Rb. sphaeroides strain DG2 is closely similar to the CD 
signal of the LH2 αAL20/S-4 in strain DD13 (figure 5.11 B). However, the blue shifts in the 
major NE peaks are clearly discernable, in LH2 WT the major peaks are at ~ 496, ~ 464 
and ~ 436 nm. In LH2 αAL20/S-4 these peaks are blue shifted by ~ 10, ~ 9, and ~ 3 nm. In 
addition, there is also a reduction in the signal’s intensity; in particular, the band at ~ 486 
nm is reduced while the band at ~ 433 nm is increased (possibly due to the positive band 
at ~ 400 nm).
Figure  5.11:  Absorption  (A),  CD (B)  and fluorescence excitation  (C)  spectra  of  LH2 WT 
(black) and LH2 αAL20/S-4 (orange) expressed in DG2. Spectra are of membranes purified from 
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Rb.  sphaeroides DG2.  The  spectra  are  normalised  to  the  maximal  absorption  of  BChl-B850 
expressed in DG2. Excitation fluorescence spectra, the band at ~ 800 nm arises from BChl-B800, 
the one at ~ 600 nm arises from the Qx-transition of the BChl, and the ones between 450 and 550 
nm arise from NE. The fluorescence excitation spectra are normalised to the Qx-transition at ~ 600 
nm. Fluorescence emission is detected at 850 nm. The arrows indicate the changes between the 
spectra.
In  the fluorescence excitation  spectra  (figure 5.11C)  of  purified membranes of  LH2  α
AL20/S-4,  major changes are observed in the Car region. The peaks are blue shifted in 
comparison to LH2 WT, from ~ 492 nm to ~ 483 nm, and ~ 439 nm to ~ 421 nm, whereas 
the peak at ~ 465 nm is not detected in LH2 αAL20/S-4. Furthermore, the ET of LH2 αAL20/S-4 
is reduced by approximately 50% as compared with LH2 WT, and ET from BChl-B800 to 
BChl-B850 is  almost  absent  (only  10% of  activity  is  retained).  At  present  we lack an 
explanation for the change in the shape, in particular, the strong reduction of the band at 
465 nm in the NE region of the fluorescence excitation spectra.
As is obvious from figures 5.10 and 5.11, the reduction in the Car content is accompanied 
by  alteration  in  the  spectra,  in  particular,  blue  shifting  of  the  absorption,  CD,  and 
fluorescence spectra in the Car region. π−π stacking interactions which may take place 
between aromatic residues and Car have been shown to be accompanied by red shifts in 
the Car main absorption bands . Moreover, the induction of the typical Car CD signal is 
related to specific binding in the protein site .
In summary, the changes observed in the spectra of LH2 αAL20/S-4 strain DD13 are also 
shown in strain DG2. Due to the higher resolution of the spectra, the blue shifts are even 
better demonstrated in LH2 with the major Car NE. These blue shifts maybe related to 
disruption of π−π interactions between the Car and the aromatic residues. However, also 
Car-BChl interactions may result in spectral shifting , and thus, at present, the underlying 
reason for the blue shift in Car absorption remains to be unravelled.
5.2.3 Carotenoid content in model LH2 αAL20/S-4
In order to quantify the amount of Car still bond in LH2 αAL20/S-4, the pigment contents has 
been determined by HPLC analysis. Quantitative extraction of the pigments from the LH2 
proved difficult. The following obstacles had to be overcome: in the membranes the far too 
high Car/BChl ratios of LH2 WT suggested that pigments are non specifically bound to the 
complex or  the lipid  membrane.  Thus,  the extractions have been made from isolated 
complexes which have been washed excessively  with  detergent  during purification. In 
addition, the choice of solvent for pigment extraction has been critical. Solubility of BChl a 
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is very different from the solubility of Car  i.e acetone is optimal for BChl while ether is 
optimal for Car. The differences in solubility have been overcome by using a mixture of 
acetone and methanol (7:2, v/v) (see in material and methods).
In  Rb. sphaeroides, the major Cars which accumulate are SO (red),  which is the end 
product of the Car biosynthetic pathway, and SE (orange/yellow), which is the penultimate 
product of this pathway and a biosynthetic precursor of SO. In antenna complexes from 
Rb. sphaeroides 2.4.1 the composition is 8± 5.2 for SO and 5± 0.4 for SE per complex . In 
Rb. sphaeroides strain DD13 cell grown semi-aerobically, the content of SO relative to SE 
is much higher  .  The absorption spectra of the extracted pigments are shown in figure 
5.12.
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Figure 5.12: Absorption spectra of extracted pigment from LH2 WT (black) and LH2 αAL20/S-4 
(orange). The spectra are taken in ether and are normalised at ~ 771nm.
In order  to  determine the Car content  relative to  the BChl, the extracted pigments of 
isolated complexes of the LH2 WT and LH2 αAL20/S-4 are analysed by HPLC. In LH2 WT 
about 93% of the Car relative to BChl is SO and ~7% SE. As shown in figure 5.13, SE 
which is also detected LH2 αAL20/S-4, makes up less than 5-10% of total Cars, indicating 
that the SE content is very low in Rb. sphaeroides DD13 cells grown under semi-aerobic 
conditions  (Yeliseev  &  Kaplan  1997). In  LH2  αAL20/S-4 the  SO content  is  reduced  by 
approximately 50%. The BChl/SO ratio amounts to 2,8 ± 0,4 in LH2 WT and to 5,6 ± 0,7 in 
LH2  αAL20/S-4.  Curiously, the  SE  content  is  not  changed  relative  to  BChl,  perhaps 
indicating that  LH2  αAL20/S-4 has a higher affinity  to  SE than LH2 WT.  In spite of  the 
considerable large deviations in the BChl/Car ratio (up to 12.5%) in different batches, it is 
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clear that the Car content is reduced in LH2 αAL20/S-4 as compared with LH2 WT. As the 
BChl-B800 is nearly absent, or at least strongly diminished, in LH2 αAL20/S-4, the BChl/Car 
ratio should approach 2 instead of 3. The BChl/Car ratio of 5,6 in LH2 αAL20/S-4 should thus 
be even underestimated by up to 30%. These results indicate that in LH2  αAL20/S-4 the 
molar ratio of Car to BChl is strongly reduced, at least by 50%. That is, more than half of 
the Car binding sites are not occupied by Car molecules in the model LH2 αAL20/S-4.
The Car/BChl content was independently assessed by the use of pre-resonance Fourier-
Transform Raman spectroscopy (Mattioli  et  al.1993).  In FT-Raman,  the exciting beam 
used for producing the Raman effect is at 1064 nm, i.e. far from the electronic transitions 
of both the BChl and Car molecules. Under these conditions, the ratio between the Car 
and BChl signal may thus give a reasonable estimate of the Car content in the complexes. 
Using this technique, it is found that the Car content of the LH2 αAL20/S-4 is 2.2 times less 
than in the LH2 WT (not shown). This finding is in full agreement with the quantification 
results obtained by the HPLC analysis (figure 5.13).
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Figure 5.13: Absorption spectra of LH2 WT and LH2  αAL20/S-4 pigment after HPLC. BChl  a 
(green), SO (red), SE (orange) in LH2 WT (solid line) and LH2 αAL20/S-4 (dotted line). The spectra 
are normalised to BChl absorption at ~ 771 nm.
Up to here, it has been shown that the Car content is reduced in model αAL20/S-4 complex. 
In addition, the spectral analysis indicates alteration in the binding of residual Car in the 
model  complex.  Raman  experiments  performed  in  resonance  with  the  Car  electronic 
transition yield specific information on the geometry of these molecules in LH2 complexes. 
RR spectra of Car contain four major groups of bands, termed υ1 to υ4 (for a review see 
(Robert 1999)). The frequency of the  υ1 band around 1520 cm-1, which arises from the 
stretching  modes  of  the  C=C  double  bonds,  is  very  sensitive  to  the  molecular 
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conformation of the Car molecules. The υ4 band, around 950 cm-1, arises from the out-of 
plane modes of the CH groups. It  is forbidden by symmetry for planar molecules, and 
gains intensity when the Car molecules are twisted around the C-C bonds. RR spectra of 
LH2 αAL20/S-4 show small but definite differences as compared with LH2 WT (figure 5. 14). 
These differences mainly concern the frequency of the υ1 band, which is slightly up shifted 
(3 cm-1) and the υ4, where an additional component at 960 cm-1 appears, the reduction of 
the intensity at 985 cm-1 is accompanied by the appearance of a new component at 965 
cm-1. This band indicates some changes in the conformation of the Car. Similar changes 
observed upon depletion of the BChl-B800 molecules (Robert & Frank 1988) and were 
attributed to an isomerisation of the Car at the end of the polyene chain, accompanied by 
an out-of-plane torsion of the molecule. It is striking that the model LH2 αAL20/S-4 bound 
Car yield similar spectra as the Car bound to a BChl-B800-less LH2 WT.
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Figure 5.14: RR spectra of LH2 WT (black), LH2 αAL20/S-4  (orange). Excitation has been at 488 
nm, experimental conditions, see material and methods of  LH2 WT (black). The arrows indicate 
changes between spectra.
Taken together, this study shows that changing 10 out of the 20 residues which make up 
the pigment binding sites in LH2 does neither significantly change the geometry nor the 
functional properties of the BChl-B850 . In contrast, the model TM helix LH2 αAL20/S-4 does 
not support efficient binding of the monomeric BChl-B800 and only partly supports binding 
of the Car molecules. BChl-B800 and Car have extensive van der Waals contacts  and 
stable binding of BChl-B800 and Car apparently is substantially correlated in LH2. LH2 
complexes  which  lack  Car  principally  also  lack  BChl-B800,  however,  LH2  which  lack 
BChl-B800 have been successfully reconstituted with Car . Furthermore, BChl-B800 can 
be selectively removed from LH2 without removing the Car . These findings suggest that 
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Car binding to LH2 is possible in the absence of BChl-B800 but not  vice versa. In the 
model LH2 αAL16/S-4, a considerable part of the BChl-B800 is absent, without significantly 
affecting Car content (figure 3.8, chapter 3). Mutating two more residues at the N-terminal 
part  of  the  TM-helix  of  the  α−subunit,  specifically,  αF(-12)  and  αS(-10),  dramatically 
affects also the Car content in LH2 (figure 5.12 and 5.13). In addition, these mutations 
result in the loss of the BChl-B800, likely due to the substantial loss of the Car. BChl-B800 
has neither  close contacts  with  αF(-12)  nor  αS(-10)  as  based on the  high  resolution 
structure of Rps. acidophila  and the modelled structure of LH2 of Rb. sphaeroides (figure 
5.5). It cannot be excluded, however, that αS(-10) makes an H-bond to BChl-B800 via a 
water molecule.
In summary,  these results show that the model TM helix LH2 αAL20/S-4 does not support 
efficient binding of the monomeric BChl-B800 and the Car molecules. In contrast, neither 
the geometry nor the functional properties of the BChl-B850 are significantly disturbed. In 
the  model  LH2  αAL16/S-4, a  considerable  part  of  the  BChl-B800  is  absent,  without 
significantly  affecting  Car  binding  (chapter  3).  Mutating  two  more  residues  at  the  N-
terminal part of the LH2-α TM-helix, specifically, F (-12) and S (-10), dramatically affects 
also the Car content in LH2 (figure 5.8-5.8, 5.10-14). This points at the critical impact of 
these two residues for the assembly of LH2, specifically proper binding of the Car.
5.2.4 Study of critical protein-carotenoid interactions in LH2 from Rb. 
sphaeroides 
In the model protein LH2  αAL20/S-4, it has been demonstrated that (i) the Car content is 
much reduced, and that (ii)  the bindings of  the residual Car is altered.  Already in the 
model LH2  αAL16/S-4, the changes in the Car properties are observed (10% of the ET is 
reduced and the major peaks of the Car are blue shifted), (figure 3.8-3.9, chapter 3), in 
LH2  αAL20/S-4 the changes in Car properties, however, are much more dramatic. In the 
mutant  LH2  αAL20/S-4,  only  two additional  residues have been changed;  the residue  α
S(-10) is replaced for alanine and residue αF(-12) is replaced for leucine. To investigate 
whether αF(-12) or αS(-10) are critical for the Car binding, either αF(-12) or αS(-10) have 
been mutated in LH2 αAL20/S-4 and LH2 WT (figure 5.15). In addition, a double mutant has 
been made, in this case αF(-12) for leucine and αS(-10) for glycine (figure 5.15B).
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Figure 5.15: Sequences of mutant LH2 α-TM helices used in this study. The mutated residues 
are shown in bold and are underlined.
In order to determine the particular impact of  αF(-12) or  αS(-10) on the binding of SO, 
either  αF(-12)  or  αS(-10)  has  been  reinserted  in  LH2  αAL20/S-4,  resulting  in  LH2  α
AL19/S-4+L-12/F and LH2  αAL19/S-4+A-10/S (figure  5.15A,  B).  The absorption and fluorescence 
excitation spectra of LH2 αAL19/S-4+L-12/F  and LH2 αAL19/S-4+A-10/S are shown in figure 3.16 A, 
B. As is obvious from the reduction in the fluorescence excitation band at 450-550 nm, the 
replacement of  αS(-10) by alanine does not significantly affect ET (~ 10%). In contrast, 
the replacement of  αF(-12) by leucine results in a considerable loss of ET (~ 50%) The 
loss of Car is obvious from the reduction in the absorption region of the Car, in particular, 
in case of LH2 αAL20/S-4. The spectra, however, are distorted due to scattering effects of 
the membranes and should thus be treated with some caution. The reduction in ET by ~ 
40% in LH2 αAL19/S-4+A-10/S indicates that αF(-12) has a critical input in the binding of SO in 
LH2 αAL20/S-4. In contrast, the ET in LH2 αAL19/S-4+L-12/F (i.e. if αF(-12) is present but αS(-10) 
is replaced by alanine) is only reduced by about 10% (figure 3.16 B). Nevertheless, the 
largest reduction in the ET from Car to BChl-B850 is observed when both αF(-12) and α
S(-10)  are  simultaneously  mutated  (figure  5.16B),  indicating  that  these  residues 
synergistically contribute to the binding of Car to LH2.
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Figure 5.16: Absorption (A) and fluorescence excitation (B) spectra of LH2 αAL20/S-4 (orange), 
LH2  αAL19/S-4+A-10/S  (olive)  and  LH2  αAL19/S-4+L-12/F  (purple).  Absorption  (C)  and  fluorescence 
excitation (D) spectra of LH2 WT (black), LH2 αWTS-10/A (purple), LH2 αWTF-12/L, (olive) and LH2 α
WTS-10/G+F-12/L  (pink). The absorption spectra are normalised at 850 nm. The fluorescence spectra 
are normalised by Qx band of BChl-B850 at 598 nm.
Interestingly, mutating either αF(-12) or αS(-10) in WT sequence context does not affect 
ET between the Car and BChl-B850 (figure 3.17D). Mutation of both residues,  αS(-10) 
and  αF(-12),  results  in  a mere  10-15% reduction in  ET.  Obviously,  binding  of  Car  is 
mediated by multiple interactions, which synergistically contribute to binding. In the model 
LH2, the impacts of single residues are amplified due to the simultaneous elimination of 
several native contacts contributing to Car binding in LH2 WT.
In summary, the site-directed mutational analysis of  αF(-12) and  αS(-10) in the model 
sequence and WT sequence context shows that both, serine and phenylalanine contribute 
to the binding of the Car. However, clearly αF(-12) is more important for the binding of the 
Car  pigments  (figure  5.16).  Based  on  the  high  resolution  structure  of  LH2  of  Rps. 
acidophila there are multiple polypeptide-polyene contacts with the residues distributed 
over the entire length of the  α- and  β-subunits, particularly,  αI(-25),  αK(-26),  αV(-22)  β 
W(-16),  αQ(-28),  βV(-15),  αL(-12),  βG(-12),  βT(-11),  βF(-8),  αV(-8),  αI(-5),  αA(-4),  αI(-3) 
and  αH(0) (Bowie 2005), ,  Considering such an extensive Car/protein interface (figure 
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5.4) it is surprising that mutation of only two residues,  αV(-3) and  αF(-12) which are in 
direct contact with the Car, results in such a significant loss of energy-transuding Car from 
the model LH complex (figure 5.16B). Previously, in  LH2  αAL16/S-4, the  αV(-3) has been 
replaced for alanine, however the changes in the Car binding are minor as compared to 
the  changes  in  LH2  αAL20/S-4.This  points  to  a  central  role  of  the  aromatic  residue, 
phenylalanine, for the binding and assembly of LH active Car to this complex.
5.2.5 Study of the role of phenylalanine in carotenoid binding in LH2 
from Rb. sphaeroides
In  the RC from  Rb. sphaeroides,  there are seven phenylalanine residues in the close 
vicinity (within a distance of 4 ≤ Å) of the Car (Deber et al. 2001, .  In the PsbS protein of 
PS II, which has been shown to bind with zeaxanthin, there are numerous phenylalanine 
residues . It appears that aromatic residues, in particular, phenylalanine, is in many cases 
located  in  the  Car  binding  pockets  of  photosynthetic  proteins.  In  the  LH2  of  Rb. 
sphaeroides, there is only one additional aromatic residue, namely F(-8) of the TM-helix of 
the  β-subunit,  in van der Waals (< 4Å) contacts with  the Car (figure 5.17).  To further 
investigate the role of aromatic residues in Car binding βF(-8) has been mutated in model 
LH2 and in WT LH2 from Rb. sphaeroides.
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Figure 5.17: Phenylalanine residues in close vicinity of the Car in the LH2 complex.  (A) 
Amino acid sequences of LH2-α and β subunits (WT). The residues,  αF(-12) and  βF(-8) are 
shown in red.  (B) Detail view of the phenylalanine residues close to the Car in the model 
structure of Rb. sphaeroides αβ pair (purple) and Car (orange). The phenylalanine residues are 
shown in stick model. Note that both phenylalanine residues are within a distance of ≤ 4 Å of the 
Car.  The closest  approach between Car and αF(-12) is  3  Å and between Car and  βF(-8) 4  Å 
respectively.
As shown in the figure 5.16, the replacement of αF(-12) by leucine in WT LH2 exhibits no 
significant changes in the absorption or fluorescence excitation spectra (figures 5.16C, D). 
In contrast, the replacement of an additional phenylalanine, F(-8) to alanine results in the 
absence of assembled LH2 complex. Curiously, the replacement of  βF(-8) with glycine 
does not result in the loss of the assembled LH2. In LH2 αWTF-12/A, there are, however, 
significant spectral changes (figure 5.18).
The substitution of phenylalanine by glycine in this position results in: (i) the absence of 
BChl-B800 and, (ii) red shift of the maximal absorption of BChl-B850 by ~10 nm (figure 
5.18). The aa glycine has been chosen because of the absence of any side chain in order 
to prevent potential blocking of this site to the Car . Here, alanine which is in the close 
vicinity (4.1  Å) of the Car may thus result in blocking of the site to the Car or lead to 
interactions which prevent the proper assembly of the LH2. However, it is not clear yet 
why glycine in position -8 of β-subunit permits complex assembly contrary to alanine. As 
shown  by  the  statistical  analysis,  alanine  interacts  particularly  often  with  the  central 
carbon atoms of  the polyene  chain of  the  β-carotene in PS II  (figure  5.28).  Perhaps, 
alanine has a special role in the binding and assembly of Car. To study the effect of these 
two  phenylalanine  residues  in  close  vicinity  of  the  Car  on  LH2  assembly  the  double 
mutant,  βF(-8)G and αF(-12)L, LH2 αWTF-12/L +β WTF-8/G, is constructed and studied. The 
in  situ absorption spectrum of  this  double  mutant  is  shown in  the figure  3.19.  In  the 
spectrum of LH2 αWTF-12/L + βWTF-8/A the band of BChl- B850 and BChl-B800 are absent 
while, a band around 760 nm appears that is typical for free BChl indicating either LH2 is 
not assembled properly or destabilized and thus disintegrating rapidly (figure 5.18).
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Figure  5.18:  In  situ  absorption  spectra of  LH2  WT (black),  LH2  αWTF-12/A (olive),  LH2  α
WTF-12/A+  βWTF-8/G  (violet)  and LH2  αWTF-12/L+  βWTF-8/A  (cyan). The spectra were taken of  Rb. 
sphaeroides colonies.
The absorption spectra of LH2  αWTF-12/L +  βWTF-8/G in purified membranes is shown in 
figure 5.19A. The band at BChl-B800 is entirely lost and the band of BChl-B850 is ~ 8 nm 
red-shifted  as  compared  with  LH2 WT. It  is  not  possible  to  properly  assess  the  Car 
absorption bands in this mutant as this region is masked by the increased light scattering, 
due to  the  increase in  membrane relative  to  mutant  LH2 complex.  The high  level  of 
scattering in the Soret region of the spectrum is obvious from the relative strength of the 
absorption  bands  in  the  near-IR  and  blue  regions  of  the  spectrum  suggests  that 
significantly less LH2 complex in LH2 αWTF-12/L + βWTF-8/G is assembled in the membrane 
in comparison to LH2 WT.
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Figure 5.19: Absorption (A) and CD (B) spectra of LH2 WT (black), and LH2  αWTF-12/L +  β
WTF-8/G  (violet).  The  spectra  are  normalised  to  the  maximal  absorption  of  the  Qy BChl-B850. 
Spectra are taken of purified membranes (material and methods). The arrows indicate changes 
between spectra.
The CD spectrum of LH2 αWTF-12/L + βWT F-8/G is recorded in figure 5.19B. The S-shaped, 
semi-conservative signal of the BChl-B850 is largely retained in LH2 αWTF-12/L + βWTF-8/G. 
It has two bands with extrema at ~ 848 nm (~ 850 in LH2 WT) (+) and ~ 876 (~ 867 in LH2 
WT) nm (-) and a zero crossing at ~ 864 nm (~ 857 in LH2 WT). This CD is largely similar 
to the CD of LH2 WT except for the red shift in the extrema (figure 5.19B). Conspicuously, 
there is a clear negative through at ~ 785 nm even though,  the BChl-B800 absorption 
band is nearly absent (figure 5.19B), which may either originate from residual BChl-B800 
(which should then be structurally altered) or from the high exciton component of BChl-
B850 (Leupold et al.1996, Koolhaas et al. 1998). In comparison to LH2 WT, this signal is 
somewhat reduced and shifted to the blue (from ~ 792 nm to ~ 785 nm). The CD signal of 
the Car is reduced and broadened. There is a shift of the maximum (from ~ 500 nm to ~ 
485 nm), in comparison to LH2 WT (figure 5.19 inset), similar to the changes observed for 
the CD signal of LH2 αAL20/S-4 (figure 5.7). The significantly altered (reduced and modified) 
CD  signal  in  the  region  450-550  nm,  indicates  that  either  Car-protein  or  Car-Car 
interactions have been effectively changed in LH2, by the mutation of αF(-12) and βF(-8) 
(figure 5.19B inset).
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Energy transfer  among the pigments LH2  αWTF-12/L +  βWTF-8/G has been examined by 
fluorescence excitation spectroscopy (figure 5.20). The broad excitation band at 450-550 
nm originates from SO, and the 800 nm excitation band from BChl-B800. However, the 
Car region of the LH2 αWTF-12/L + βWTF-8/G is reduced by approximately 50% in comparison 
to LH2 WT. This indicates a substantial loss of energy transducing Car from the complex 
upon the mutation of αF(-12) and βF(-8) in the LH2 WT sequence context. The ET from 
BChl-B800 to BChl-B850 is nearly abolished.
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Figure 5.20: Fluorescence excitation spectra of LH2 WT (black) and LH2 αWTF-12/L + βWTF-8/G 
(violet).  The  spectra  are  normalised  at  Qx of  BChl  598nm.  Spectra  are  taken  of  purified 
membranes.
This study shows that  the mutation of  only  two phenylalanine residues,  results in the 
significant  reduction of  the ET from Car to BChl  in LH2.  These mutations also cause 
changes in the absorbance of  BChl-B800, suggesting a direct  or  indirect  (via the Car 
molecule)  effect  on  the  binding  of  the  BChl-B800.  In  the  modelled  structure  of  Rb. 
sphaeroides (figure 5.17), αF(-12) is in the vicinity of BChl-B800 (closest approach is at ≤ 
5Å). Whereas βF(-8) is not in close vicinity of Car.  It  is near to the  βR(-10),  which is 
important for the binding of BChl-B800 . Thus, it could be possible that the loss of the 
BChl-B800 is an indirect effect due to the alteration of the Car and/or critical residues in 
the BChl-B800 binding pocket.
It  is  also  demonstrated,  that  the  removes  of  the  BChl-B800 causes  blue  shift  in  the 
absorbance peaks of the Car, however the Car is still bound and does not affect in the ET 
of the Car (Crielaard et al. 1994, Fowler et al. 1997). However, in this system, LH2, is 
quite difficult to separate the effect the two pigment, BChl and Car.
The RR spectra of the LH2 αWTF-12/L + βWT F-8/G and LH2 WT is shown in figure 5.21. The 
replacement  of  the  αF(-12)  and  βF(-8)  residues with  leucine and glycine respectively, 
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results in significant  changes in the RR bands of  the Car molecule.  These mutations 
induce a significant reduction of the major component present in the  υ4 region, at 985 
cm-1. Interestingly, in this mutant  LH2 αWTF-12/L +  βWT F-8/G  (figure 5.21), the reduction of 
the intensity at 985 cm-1 is accompanied by the appearance of a new component at 965 
cm-1,  which  indicates  changes  in  the  configuration  of  the  Car.  This  band  was  also 
observed in the LH2 αAL20/S-4 mutant (figure 5.14).  This indicates that the αF(-12) and β
F(-8) residues are necessary to keep the molecular conformation of Car as in the WT 
protein. It appears that these residues are in close contact with the Car molecule, and the 
phenylalanine residues lock it  into a precise,  well-defined,  configuration.  It  is  thus not 
surprising that these two aromatic residues strongly influence the specific binding of Car 
to LH2 (figure 5.27, 5.28).
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Figure 5.21: RR spectra of LH2 WT (black), LH2 αWTF-12/L+βWTF-8/G (violet). The arrows indicate 
changes between spectra.
To assess the influence of βF(-8) on the assembly, LH2 βWTF-8/G has been expressed with 
LH2  αAL20/S-4 as complement  α-subunit.  The effect  of  βF(-8)  is  amplified in the model 
sequence context due to the reduction and elimination of native contact .
The in situ spectrum of LH2 αAL20/S-4 + βWTF-8/G, (figure 5.22) shows that the BChl-B850 is 
red shifted ~ 7 nm, from ~ 854 nm to ~ 861 nm, in comparison to LH2 αAL20/S-4.
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Figure 5.22:  In situ absorption spectra of  LH2  αAL20/S-4  (orange) and LH2  αAL20/S-4 +βWTF-8/G 
(violet). The spectra are taken of Rb. sphaeroides colonies.
As shown in the figure 5.23A the CD signal of LH2 αAL20/S-4 + βWTF-8/G is further reduced 
and broadened in the Car range as compared with the signal of LH2 αAL20/S-4 (figure 5.7A). 
Clearly, the CD spectra of LH2 αAL20/S-4 + βWTF-8/G resemble the CD spectra of Car-less 
LH2  complexes  from  Rb.  sphaeroides R26.1  (figure  5.23A  inset).  There  are  some 
differences,  particularly,  in  the blue region of  the spectra.  It  should be noted that  the 
increase in light scattering due to the low expression levels of this mutant may affect the 
CD in the blue region and should thus be treated with care. Nevertheless, the pronounced 
reduction in the CD signal in the Car range, indicate the near absence of the Car from 
LH2 αAL20/S-4 + βWTF-8/G.
Figure 5.23: CD (A) and fluorescence spectra (B) of LH2 αAL20/S-4  (orange), LH2 αAL20/S-4 + β
WTF-8/G  (violet)  and LH2 R26.1 (green).  The spectra  are taken from purified membranes.  The 
fluorescence spectra are normalised at 598 nm.
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Essentially,  ET between the Car and BChl-B850 in  model  LH2  αAL20/S-4 +  βWTF-8/G is 
nearly lost similar to ET in the Car-less LH2 from Rb. sphaeroides R26.1 (figure 5.23B). In 
comparison to LH2 WT (not shown) only ~10% of the energy is transferred to BChl-850. In 
addition, the ET from BChl-B800 to BChl-B850 in the model complexes LH2 αAL20/S-4 + β
WTF-8/G is nearly absent as in R26.1 LH2 from Rb. sphaeroides.
Thus, the replacement of the two aromatic residues, βF(-8) and αF(-12), which are located 
in close vicinity of the Car in LH2 (figure 5.17), results in significant disturbance in the 
binding of Car. To the best of our knowledge, the significance of aromatic residues for Car 
binding  has  not  been  shown  by  an  experimental  approach.  Based  on  recent  model 
calculations  of  Car  binding  in  LH2  from  Rps.  molischianum and  in  PS  I  from 
Thermosynechoccus  elongatus,  the  importance  of  aromatic  residues  have  been 
implicated (Wang & Hu 2002). Specifically, phenylalanine residues have been calculated 
to  contribute  up  to  3.6  kcal/mol  to  the  binding  of  Car  in  LH2  complexes  from  Rps. 
molischianum. Quantum chemical calculations also suggest that intermolecular hydrogen 
bond interactions (C-H…O-C) between Car and the B800-BChl in the LH2 complex may 
take place . It is not known, yet, whether these H-bonding interactions are widespread. In 
the LH2 complex from Rps. molischianum, the BChl-B800 adopts a different orientation 
from the one of BChl-B800 in Rps. acidophila  . Mutational studies of bacterial RC already 
demonstrated  that  phenylalanine  maybe  critical  for  the  binding  of  Car.  In  that  case, 
however, rotation of the phenylalanine ring determined the topology of the Car in the TM-
helices  .  Here,  we  show that  Phe residues  critically  contribute  to  the  binding of  light 
harvesting active Car in LH2. In the model LH2 complex, binding of the Car is largely 
driven by two Phe residues, βF(-8) and αF(-12).
5.2.6 Statistical analysis of Car-protein interactions in photosystem I 
and II
An  in  depth  statistical  analysis  of  the  membrane-embedded  Car  pockets  of  the 
photosystems I  and II  are made to further explore the role of aromatic residues in Car 
binding.  In  these  two  photosystems,  there  are  in  total  32  β-carotenes  bound  which 
constitute thus a sizeable data base for a statistical analysis of Car binding pockets. As 
the Cars are generally rather similar, in particular, the central polyene chain  β-carotene 
may serve as an approximate model for the binding of other Cars, such a SE and SO, 
present in Rb. sphaeroides. The differences between these Cars are at end gropus (figure 
5.3), while the polyene backbone from carbon atom 6 to 6’ are identical (figure 5.24).
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Figure 5.24: Structure of β-carotene. Nomenclature is according to IUPAC.
PS I binds a total  of 22  β-carotenes  and PS II  a total  of  11  β-carotenes .  Here, the 
proteinacous environments around the Cars of PS I (figure 5.27) and PS II (figure 5.28) 
have been analysed within a radius of ≤ 5 Å. The contacts (defined as atoms within ≤ 5Å) 
between the photosystem’ apoproteins and the β-carotenes appear to be similar in the two 
photosystems.  Contacts  occur  most  frequently  with  the methyl  groups of  the  polyene 
chain, in particular, at C16, 17, 18, 19 and 20 as well as C16’, 17’, 18’, 19’ and 20’. In PS 
II, the central carbons, 14, 14’, 15, and 15’ are also frequently in close contact with the 
protein environment. In addition, in both, PS I and PS II, the carbon atoms of the terminal 
β-ionylidene  rings  show  elevated  contact  frequency  with  the  surrounding  proteins. 
Interestingly, the carbons in the centre of the polyene chain, C15, C16 and C17, of PS II 
have the highest number of contacts together with the protruding carbons of the methyl 
groups and ionylidene rings (figure 5.28). This difference in interaction frequency indicates 
a  different  arrangement  of  the  Cars  in  the  two  systems  possibly  related  to  distinct 
functions.  In  PS I,  some of  the polyene chains of  the  β-carotenes run parallel  to  the 
membrane plane (figure 5.25), while in PS II, some of the polyene chains generally run 
perpendicular to the membrane plane (figure 5.26). The amino acid residues in the close 
vicinity  of  Car  are  largely  similar  for  the  two  photosystems.  The  aromatic  residue, 
phenylalanine is next to leucine residues most often found to be in close vicinity of the β-
carotene.  In  PS  I,  20%  and  in  PS  II,  27%  of  all  contacts  between  β-carotene  and 
polypeptide are made up of contacts to phenylalanine residues. Out of the total contacts 
between Cars and polypeptide residues, 22% are with leucine residues in both PS I and 
PS II. Approximately 10% of the TM residues of membrane proteins are phenylalanine 
residues. Thus, the Car-protein interaction frequency of 26 % and 20 % is significantly 
higher, than would be expected from a random distribution of phenylalanine residues in 
the membrane. Also leucine residues are slightly overrepresented in the Car vicinity.
108
CHAPTER 5                                 CAROTENOID BINDING AND CONTENT IN LH2 OF RB. SPHAEROIDES
Figure 5.25: Crystal structure of PS I . Note that there are Cars both parallel and perpendicular 
to the membrane plane.
This,  however,  is  clearly  more  pronounced  for  phenylalanine.  In  PS  II,  the  contacts 
between some of the carbons of the carotenes such as C1, 17, 7, and phenylalanine, can 
even make up more than 2/3 of the contacts at this particular carbon. In analogy, tyrosine 
and tryptophan are also frequently found in close vicinity of the Cars, particularly, at the 
carbon  atoms  of  the  ionylidene  rings  (figure  5.28).  These  are  often  located  at  the 
membrane interface where the occurrence of phenylalanine is slightly reduced and that of 
tyrosine and tryptophan residues is elevated. Curiously, alanine makes up a considerable 
part of the contact surface between apoprotein and β-carotenes. Alanine residues, which 
make up about 13% of the residues of TM-helices are found to make up 9% in PS I and 
14%  in  PS  II  of  the  total  contacts  to  β-carotene.  This  appears  to  reflect  a  random 
distribution  of  alanine  residues  around  the  β-carotenes.  However,  in  PS  II,  alanine 
residues  are  primarily  found  to  interact  closely  with  the  central  carbon  atoms  of  the 
polyene chain (figure 5.28). At some of the Car carbons, the contacts between alanine 
and Car contacts make up nearly 1/3 of the contacts to polypeptide. This may indicate that 
the polyene chain from C12 to C20 tightly packs with  the helices.  Polar  residues are 
clearly underrepresented in the  β-carotene binding pockets while charged residues are 
entirely absent except for few lysine and arginine residues in PS I (figure 5.27).
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Figure 5.26: Crystal structure of PS II . Note that the Cars are generally oriented perpendicular to 
the membrane plane. 
Phenylalanine,  as  well  as  tryptophan  and  tyrosine,  may  partake  in  π−π stacking 
interactions. The strength of these interactions depends on the distance and geometry of 
the interacting molecules (Wang & Hu 2002). The residues tryptophan and tyrosine may 
have additional interactions  e.g. H-bonding which has not been further analysed in the 
scope  of  this  study.  Next  to  the  aromatic  residues,  the  aliphatic  residues  leucine, 
isoleucine and valine are frequently close to the β-carotene. Curiously, the short residues, 
alanine, and serine make up a considerable part of the contact surface of Car/apoprotein. 
This is particularly pronounced for the polyene chains of the β-carotenes in PS II, but not 
in PS I.  Considering that in PS II,  the Car orientations are closely similar to the TMH 
orientations; it may indicate that the chain from atom C12 to C20 tightly pack with the TM 
helices. Glycine residues are also found around the atoms of the polyene chain further 
supporting the idea of tight packing even with the polypeptide backbone. In any case, the 
aromatic residues, in particular, phenylalanine, are frequently in close contact with the β-
carotene molecules of PS I and PS II.  This has been shown previously ,  and further 
supports the experimental finding that aromatic residues play a critical role in binding of 
the β-carotenes to polypeptide.
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Figure 5.27: Statistical analyses of Car binding sites.  Residues distribution in the Car binding 
sites of PS I . Contacts are determined within a radius of ≤ 5Å. Colour codes are as indicated.
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Figure 5.28:  Statistical analyses of Car binding sites.  Residues distribution in the Car binding 
sites of PS II . Contacts are determined within radius of ≤ 5 Å. Colour codes are as indicate.
In  any  case,  the  clear  overrepresentation  of  the  aromatic  residues,  in  particular, 
phenylalanine points towards a particular role of the phenylalanine residues in the binding 
of Car.
5.2.7 Thermal stability of the LH2 depending on the Car contents
A number of investigations suggest that the stable assembly of LH2 requires the presence 
of  the  Car  molecules: Car  deficient  purple  non  sulphur  bacteria  generally  lack  LH2 
complexes (Cohen-Bazire & Stanier 1958, Fuller & Anderson1958, Lang & Hunter 1994). 
For instance, the Car-less Rb. sphaeroides mutant strain, R26, entirely lacks LH2 (Clayton 
& Smith 1960). This mutant strain, however, has a tendency to revert to the strain R26.1, 
containing a modified LH2 complex which still lacks (at least colored) Cars. In this LH2, 
BChl-B800 is absent, and the arrangement of BChl-B850 is altered (Davidson & Cogdell 
1981, Gall et al. 2003). Thus, the additional modification in R26.1 somewhat compensates 
for the absence of Car, as yet not understood manner. In addition, the extraction of Car 
from  assembled  LH2  complex  from  Rb.  capsulatus have  been  shown  to  result  in 
destabilization .
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To further explore the effect of the Car on the structural stability of LH2, the decay of CD 
signal of LH2 WT and the LH2 mutant complexes, which lack Car or contain reduced 
amounts of Car,  is monitored during heat denaturation. The thermal stability of LH2  α
AL20/S-4, as compared with LH2 WT, is clearly reduced (figure 5.29). The Tm is shifted from 
~ 68°C in LH2 WT to ~ 50°C in LH2  αAL20/S-4,  indicative of a pronounced decrease in 
structural stability. In addition, the cooperativity (see chapter 3) of denaturation is altered 
for the model LH2 as compared to LH2 WT. In the model LH2, the loss of the BChl-B800 
and Car both result  in the reduction of packing surface between the pigment and the 
helices. In addition, the mutant LH2  αAL16/S-4,  in which 8 residues have been changed 
(chapter 3), exhibits already a decrease in the Tm in comparison to LH2 WT (~ 56°C in 
LH2  αAL16/S-4)  (~  67  °C  in  LH2  WT).  The  alterations  in  the  denaturation  curves,  in 
particular the shift in Tm of LH2 αAL20/S-4 is significant as compared to LH2 αAL16/S-4 and 
LH2 WT, and emphasizes the important role of the Car and BChl-B800 molecules for the 
LH2 stability. Considering, that both the BChl-B800 and the Car are strongly altered in 
LH2 αAL20/S-4, the contribution of each of those pigments cannot be determined by use of 
these mutants. As binding of BChl-B800 is compulsory coupled to the binding of the Car, it 
is as yet impossible to produce a mutant complex which lacks Car only.
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Figure 5.29: Thermal denaturation of LH2 WT (black), LH2 αAL16/S-4 (dark cyan), and LH2 α
AL20/S-4 (orange). Changes of the CD signal are monitored at 845 nm during heating of suspended 
membranes.
The thermal stability of the double mutant LH2 αWTF-12/L + βWTF-8/G (figure 5.30) is clearly 
reduced  as  compared  with  WT  LH2.  The  midpoint  of  transition  is  shifted  to  lower 
temperatures, ~ 67oC in LH2 WT and ~ 49oC in the mutant. Interestingly, the cooperativity 
of  denaturation  is  not  altered  in  LH2  αWTF-12/L +  βWTF-8/G and  thus  the  change  in 
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cooperativity is apparently related to the model sequences in these artificial complexes. 
As shown above the double mutation,  αF(-12) and  βF(-8), in  WT context  results in the 
reduction of the Car content (by 50%) and in the loss of BChl-B800 (figure 5.18,5.19). 
Thus as in the case of model LH2  αAL20/S-4 the decrease in thermal stability cannot be 
assigned to the reduction of Car only.
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Figure 5.30: Thermal denaturation of LH2 WT (black) and LH2  αWTF-12/L +  βWTF-8/G (violet). 
Changes of the CD signal at 845 nm during heating of suspended membranes.
Interestingly, the LH2 from R26.1 which does neither contain BChl-B800 nor Car (figure 
5.31) shows a fairly slight decrease in thermal stability relative to WT LH2. Naturally, the 
complexes are isolated in detergents to remove LH1 and RC. The thermal stability of LH2 
complexes in detergent is elevated compared to the stability in the native membrane . 
The Tm of LH2 WT in detergent is ~ 77°C and of the Tm of LH2 R26.1 is ~ 71°C. The 
denaturation curve of LH2 from R26.1, however, is clearly biphasic, in contrast, to the 
denaturation curves of WT LH2, double mutant and model LH2 complexes. At present, 
we  do  not  have  an  explanation  for  the  biphasic  behaviour  of  R26.1.  Possibly,  the 
absorption properties of LH2 R26.1 are altered during denaturation resulting in apparent 
biphasic decay. This, however, has not been investigated further here. In any case, the 
thermal stability of R26.1 is affected by the removal of Car and BChl-B800 but apparently 
still  high in comparison to pronounced reduction in stability observed in double mutant 
LH2. The mutation in R26.1 thus appears to compensate for the loss of BChl-B800 and 
Car in a not understood manner (Lang & Hunter 1994).
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Thermal denaturation of LH2 WT (black) and LH2 R26.1 (green). Changes of the CD signal at 
845 nm during heating of LH2 complexes isolated in detergents. Note, that the denaturation curve 
of LH2 R26.1 is biphasic. The Tm are indicated by the arrows (blue).
The model complex LH2 αAL20/S-4 and LH2 αAL20/S-4 + βWTF-8/G contain distinct amounts of 
Car (figure 3.23B). In both complexes, BChl-B800 is depleted but in LH2 αAL20/S-4 + βWTF-
8/G,  the content of light harvesting active Car is nearly entirely depleted as well  (figure 
5.23B).  The  thermal  stability  of  LH2  αAL20/S-4 +  βWTF-8/G,  is  further  decreased  in 
comparison to LH2 αAL20/S-4, (from ~ 49 to ~ 42oC, respectively (figure 5.32)). The further 
decrease in the midpoint of transition, in model LH2 αAL20/S-4 + βWTF-8/G nearly depleted of 
Car shows that the residue βF(-8) contributes to the stablility of LH2.
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Figure  5.32:  Thermal  denaturation  of  LH2  αAL20/S-4 (orange)  and  LH2  αAL20/S-4 +  βWTF-8/G 
(violet). Changes of the CD signal at 845 nm during heating of suspended membranes.
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One of the effects of the removal of the aromatic side chain of βF(-8) is the loss of Car in 
this complex. This is accompanied by further the destabilisation and supports the notion 
that  Car-protein  interactions  are  critical  for  the  structure  stabilisation  of  LH2.  The 
additional destabilisation, however,  is not very pronounced as already LH2  αAL20/S-4 is 
only marginally stable. Nevertheless additional reduction in Car content results in further 
destabilisation. The absence of helix-helix interaction in the TM region of LH2 , , which 
usually  drive  stable  assembly  of  membrane  protein  devoid  of  pigments,  is  obviously 
complemented by helix-pigment interaction. Here, it is shown that interaction between the 
Car and a single phenylalanine may considerable elevate the structural stability of such a 
complex.
5.3 Conclusions
In this study a possible Car binding pocket is identified in which the aromatic residue 
phenylalanine plays a crucial role in functional binding of Car. This is demonstrated by site 
direct mutagenesis of the phenylalanine residues which are in the immediate environment 
of the complexes’ Car in the TM helices of native and model LH2 complexes from  Rb. 
sphaeroides. The significant contribution of phenylalanine residues to Car binding pockets 
is further supported by statistical analyses of high resolution structures of photosystems I 
and II  with  32 Car binding pockets.  Aromatic  residues are  frequently  part  of  the  Car 
binding environment with phenylalanine residues making up to 40% of the total number of 
contacts between some of the Car atoms, in particular, of the polyene chains, and the 
polypeptides.
The  Car/protein  interface  in  LH2  is  extensive,  including  also  protein  subunits  from 
neighbouring  αβ subunits. In LH2  αAL20/S-4, only two residues that interact with Car are 
changed,  one  of  them  is  phenylalanine  -12.  The  carotenoid  content  is  reduced  by 
approximately  50%.  Furthermore,  the  alterations  in  functional  binding  of  Car  are 
significant resulting in a largely reduced energy transfer from Car to BChl-B850. 
Equally, in WT sequence context the replacement of the two phenylalanine residues in the 
close  vicinity  of  membrane  embedded  Car  results  in  the  significant  reduction  in  the 
content of the light harvesting active Car. Resonance Raman spectroscopy shows that 
removal  of the aromatic side chain results in an altered configuration of the Car. The 
phenylalanine residues thus contribute to the Car binding and modulation of its molecular 
configuration. This points at a central role of the aromatic residue, phenylalanine, in the 
binding and assembly of light-harvesting active Car in transmembrane proteins. 
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6. SUMMARY
The presented thesis has focused on the interactions between protein and pigments in 
photosynthetic  membrane  proteins,  and  the  significance  of  these  interactions  in 
membrane  protein  assembly.  The  thesis  has  been  divided  into  3  Chapters,  two  are 
focused  on  the  interactions  between  (bacterio)chlorophyll  and  proteins,  and  one  is 
focused on the interactions, between carotenoid and proteins. In order to explore these 
interactions  model  proteins  have  been  designed  based  on  the  peripheral  antenna  of 
Rhodobacter sphaeroides.  In the model LH2 complexes, portions of the transmembrane 
helices, in particular, at the pigment binding sites, are replaced simplified alternating by 
alanine-leucine stretches. In the model sequence context, the effects of particular amino 
acids  are  amplified,  and  thus  allow  for  convenient  identification  of  potentially  critical 
interaction  motifs.  This  approach  is  employed  to  study  the  factors  that  contribute  to 
pigment  binding  and  pigment-protein  assembly.  To  confirm  the  significance  of  thus 
identified motifs, they are subsequently also examined in the WT sequence context. 
In Chapter 3, it  is shown that the residue at position -4 of the  α-subunit has a critical 
structural role for the proper organisation of the excitonically coupled BChl dimer in the 
antenna complex. In WT LH2, the residue at this position makes an H-bond to the C131 
keto carbonyl group of one of the dimeric BChl molecules. The potential importance of 
such a H-bonding motif at the BChl/protein interface is demonstrated by use of the model 
LH2 in which the H-bond drives the folding and assembly of this transmembrane BChl-
protein.  The  structural  role  of  this  residue  at  the  BChl/protein  interface  is  further 
demonstrated by the linear correlation between the LH2 spectral tuning and the residue-
BChl contact.
In Chapter 4, the aspect of diastereotopic ligation to the central Mg of BChl is explored, in 
particular, the consequences of BChl-ligation for folding and assembly of BChl-proteins. 
The analysis of H-bonding patterns in Chl-binding photosystem I and II showed that H-
bonding at the (B)Chl-protein interface is structurally distinct depending on the ligation 
type. In essence, the C131 keto groups of (B)Chl ligated in the  β-position,  contrary to 
those ligated in the α−position, are frequently employed to associate Chl-helix units and 
thus involved in tertiary interactions.  Disruption of  such H-bonding interactions by site 
directed mutagenesis significantly altered the structural stability and assembly of the LH2 
complex  in  the  membrane.  These  findings  suggest  that  H-bonding  to  β-ligated 
bacteriochlorophyll  is  a  key  structural  motif  for  the  correct  assembly  of 
(bacterio)chlorophyll proteins.
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In Chapter 5, it is shown by mutational analysis of the carotenoid binding pocket of native 
and model LH2 complexes that the aromatic residues, in particular phenylalanine, are a 
key factor for carotenoid binding. The phenylalanine not only contributes to the stable Car 
binding but also lock the Car into a particular molecular configuration. The importance of 
aromatic residues in Car binding is further supported by statistical analyses of the plant 
photosystems which show that phenylalanine residues are frequently in the close vicinity 
of Car moelcules. This study provides, to the best of our knowledge, the first experimental 
evidence for  the central  role of aromatic residues in carotenoid binding and functional 
specification.
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